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INTRODUCTION 

Several investigators have observed an enhancement of Wyodak coal 
liquefaction when 1,2,3,4-tetrahydroquinoline (THQ) is used as the 
solvent (1,2). A difficulty in evaluating the cause of this observed 
enhancement was that THQ possesses both hydrogen-donor and polar (basic 
nitrogen) characteristics. We examined the liquefaction behavior of 
Wyodak coal in a variety of heterocyclic solvents to learn the role of 
the nitrogen functionality in coal liquefaction ( 3 ) .  We otserved high 
cnnversion for Wyndak ~ ~ 2 1  i f i d ~ l ~ ,  e fiofi-hvdvngen-dcficr, --A -- - nitrnnnn- _.---->---  

heterocyclic solvent. We found that a large fraction of the Wyodak coal 
was held together by hydrogen bonds which were disrupted by interaction 
with the N-H functionality of indole to form associatively bound coal- 
indole complexes. These coal-indole complexes were THF soluble and 
accounted for the high conversion observed for Wyodak liquefaction in 
indole under mild liquefaction conditions. We feel this mechanism would 
also explain the role of the basic nitrogen functionality in other 
solvents with the N-H structure, such as THQ. 

teristic of the solvent, we began a study of a solvent possessing both 
basic-nitrogen and hydrogen-donor characteristics. We chose to inves- 
tigate indoline (2,3-dihydroindole) because it has both solvent char- 
acteristics, has a single dehydrogenated species (indole), which along 
with the hydrogenated form is readily monitored, and knowledge of the 
liquefaction behavior of its dehydrogenated form had already been 
obtained. We have now conducted experiments in indoline to learn if 
there is a possible further enhancement of the liquefaction reaction in 
this type of solvent due to an actual complexing of the hydrogen donor 
molecule to the coal molecule. We have determined that liquefaction in 
indoline, which can first complex to the coal and then donate its 
hydrogen, is much more effective than liquefaction in either a pure 
hydrogen donor (tetralin) or a combination of hydrogen donor + nitrogen 
heterocyclic (tetralin + indole). 

Having an understanding of the role of the basic nitrogen charac- 

EXPERIMENTAL 

The data reported below were obtained from batch microreactor runs 
using Wyodak coal (South Pit Mine) and selectecl mcclel solvents. The 
25 cm microreactors were loaded with an 8 gram sample of a 2/1 solvent 
to coal mixture. They were then pressurized to 1000 psig with nitrogen. 
The microreactors were heated (7.3 minutes to reach reaction tempera- 
ture) in a fluidized sand bath and held at temperature for the specified 
time. The microreactors were then cooled (x30 seconds for a 20OoC 
quench) in a second fluidized sand bath held at room temperature. 
Conversion tn THF SnliJhle prcducts was cbtainec! by snhsampli:lg the whcle 
liquid product from the microreactor, sonicating the sample in THF and 
then pressure filtering through a 0.2 micron Millipore filter. The 
filter was then analyzed by gel permeation high performance liquid 

* This work supported by the U. S. Department of Energy at 
Sandia National Laboratories under contract DE-AC04-76DP00789. 
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chromatography (HPLC) to observe differences in product distribution 
(4). This technique separates the filtrate into high, intermediate and 
low molecular weight fractions. These fractions are comparable to the 
classical preasphaltene (mw 1. lOOO), asphaltene (mw % 450) and oil 
(mw % 250) fractions obtained by Soxhlet analysis. 

RESULTS AND DISCUSSION 

We began our study of the effects of indoline on Wyodak coal conver- 
sion by liquefying Wyodak coal at various times and temperatures in 
indoline, indole and tetralin and measuring the conversion to THF 
soluble products. Figures 1 and 2 show these results. 

We can see from Figure 1 that at 375°C the conversion of Wyodak coal 
to THF solubles is very high for liquefaction in indoline, even at short 
reaction times. Comparison of the conversions in tetralin and indoline 
at 20 minutes shows that in indoline the conversion is more than double 
that obtained with tetralin ( 8 2 %  to 40%). The conversion in both of 
these solvents continues to increase with time, suggesting continued 
reaction between the coal and these hydrogen donors. We also observe in 
Figure 1 that as a function of time at 375°C. conversion of Wycdak coal 
in indole levels off. This is attributed to the fact that at a fixed 
temperature a certain level of coal hydrogen bond disruption will take 
place after the time necessary for ccmplete interaction of the solvent 
with the coal structure. Beyond this time, no additicnal indole-coal 
reactions can occur in this system. 

Figure 2 likewise shows that fcr all temperatures and a 20-minute 
reaction time, conversion in indoline is greater than conversion in 
tetralin. However, we do observe that at high temperatures the two 
hydrogen donor solvents appear to be approaching the same conversion 
level. This suggests that at high temperature the hydrogen transfer 
reactions begin to dominate the reaction mechanism and therefore 
indoline and tetralin begin to behave similarly. 

Further evidence that at high temperatures a hydrogen transfer 
mechanism begins to dominate the liquefaction chemistry can be seen in 
Figure 3 .  In Figure 3 ,  we have plotted the ratio of the indole to 
indoline concentrations measured in the product material formed in an 
experiment with Wyodak coal and indoline. These concentrations were 
measured by HPLC analysis. This ratio is a measure of the degree of 
indoline dehydrogenation. We can see from Figure 3 that between 375°C 
and 4OO0C, a significant increase in the hydrogen transfer rate occurs. 

The data in both Figure 1 and Figure 2 confirm that when indoline is 
used as the solvent for Wyodak liquefaction, there is enhancement of the 
conversion above that obtained in a good hydrogen donor. We believe 
that this is due to the interaction of the N-H functionality of indoline 
with the coal structure. This results in coal-indoline complexes, 
similar to those observed in our stu6y of Wyodak liquefaction in indole. 
Figure 4a is the HPLC spectrum that we obtained for products of Wyodak 
liquefaction in indole. Here we see a large peak in the molecular 
weight distribution due to the indole-coal complex. Figure 4b is the 
HPLC spectrum for products obtained from liquefaction of Wyodak coal 
with indoline as the solvent. We see a peak for indoline and indole 
(dehydrogenated indoline) and a peak for the coal-indole complex and the 
coal-indoline complex. The peak for the coal-indoline complex never 
becomes as large as the complex peak in Figure 4a because the complex 
undergoes hydrogen transfer resulting in an indole molecule and a 
non-associative coal molecule. Thus in the indoline system, the complex 
is an intermediate species as compared to the indole system where the 
complex is a stable product. 

The mechanism discussed above is illustrated in Figure 5. In this 
proposed liquefaction mechanism, the structure for the hydrogen bonded 
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coal fragment has not been determined in our work but is merely intended 
to be representative of possible structures. The heat is apparently 
needed to fluidize the coal sufficiently for solvent access. This 
fluidization is actually a weakening of the coal-coal hydrogen bonds. 

molecule involved in the associatively bound complex rather than frcm 
neighboring molecules. Thus, the hydrogen transfer and the disruption 
of the coal hydrogen-bonded structure do not occur independently. To 
test our hypothesis, we have performed experiments with Wyodak coal in a 
mixture of indole and tetralin to simulate the total solvent character- 
istics of indoline, but with separation of these characteristics into 
individual molecules. Figure 6 is a comparison cf the THF conversions 
for Wyodak coal in these solvents. T1,e conversion using indole + 
tetralin is much lower than the conversion in indoline (45% vs 82%). 
This is consistent with our hypothesis, i.e., that liquefaction of 
Wyodak coal in indoline, where the solvent first complexes to coal 
~ n l e c u l e  and t h e n  t r a n s f e r s  i t s  kyclrqen, is much ZCTE! effective t h a -  
hydrogen transfer from a non-interactive solvent. 

the ccnversion level in the mixture of indole plus tetralin to be at 
least as high as the conversion found in indole. In order for the 
conversion in the mixed solvent system to be lower than the indole 
conversion, we must have interaction between the solvents or one solvent 
must interface with the mechanism of the other solvent. If we had had 
interaction between the tetralin and the indole, we would observe a 
difference in conversion if we increased the overall solvent to coal 
ratio. We doubled the solvent to coal ratic, but only increased the 
conversion by a few percent. Tetralin must interfere with the indole 
liquefaction mechanism to result in the observed conversion level. 

and indole (mostly coal-indole complex). We then reacted this material 
with tetralin at 375°C for 20 minutes to determine if there was any 
degradation of the complex and/or production of insoluble material 
(insols). There was no production of insols or change in the complex 
concentration. As far as we were able to determine, the tetralin did 
nothing to the soluble products from the liquefaction of Wyodak in 
indole. Therefore, tetralin is unable to interfere in the indole lique- 
faction mechanism after the coal and indole have reacted. 

Although the measured conversion for Wyodak coal in tetralin is only 
40% at 375"C, the tetralin may interact with a significantly larger 
fraction of the coal: just not producing THF soluble products. In addi- 
tion, the coal itself could undergo condensation reactions at sites 
which are ctherwise stabilized through associative bonding with indole. 
i-e., two hydrogen bonded hydroxyls may eliminate H20 and form an 
ether linkage. To determine if either of these situations might be 
Occurring, we reacted the THF insols from the liquefaction of Wyodak in 
tetralin with indole at 375'C for 20 minutes. If these insols were 
unaltered coal, then we might expect %33% conversion of the insols 
during reaction with indole to bring the overall coal conversion to 60%. 
However, we measured >lo% conversion. This indicates that either 
condensation reactions are occurring in the coal or that a step in the 
t e t r s l i n  liquefacticn mcchcni=m resi;?ts in retrogressive reactions at 
375°C. The former seems more probable and would have occurred in our 
mixed solvent experiment if tetralin blocked indole access to a portion 
of the coal hydrogen-bonding sites. Additional experiments are being 
performed to determine if condensation reactions at coal hydrogen 
bonding sites are the cause of the low conversion observed during lique- 
faction of Wyodak in indole + tetralin. 

We have proposed that the hydrogen transfer occurs from the indoline 

The results in Figure 6 were somewhat surprising in that we expected 

fr 

I 

We collected the THF solubles from a liquefaction run of Wyodak coal 
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CONCLUSIONS 

We have found that indoline is an excellent liquefaction solvent for 
Wyodak coal, liquefying over 80% of the coal in 20 minutes at 375°C. 
The indoline system is a good solvent medium for kinetic studies of 
hydrogen transfer because it has only one, easily monitored, dehydro- 
genated form. Liquefaction with indoline is much more effective than 
liquefaction in either a pure hydrogen donor (tetralin) or a combination 
of hydrogen donor plus nitrogen heterocyclic (tetralin plus indole). 

We believe that the effectiveness of indoline is the result of a 
liquefaction mechanism in which the indoline first functions as a basic 
nitrogen solvent to disrupt the coal-coal hydrogen bonds and form coal- 
indoline complexes. The indoline then functions as a hydrogen donor 
solvent and transfers its hydrogen within the complex to the coal mole- 
cule. This mechanism would apply to other similar solvents such as THG 
and is much more effective than hydrogen transfer from non-interactive 
solvents. 

We have also determined that if the coal structure is not first 
interacted with an associative solvent (N-H functionality) to disrupt 
coal-coal hydrogen bonds, condensation reactions or other retrogressive 
reactions which make the coal less reactive may occur. 

’ 
I 
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FIGURE 1. WYODAK LIQUEFACTION 
AT 375 C AS A FUNCTION OF TIME 
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FIGURE 2. WYODAK LIQUEFACTION AS 
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FIGURE 3. PLOT OF INDOLE/INDOLINE RATIO vs TIME 
FOR WYODAK LIQUEFACTION AT 375 C 
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FIGURE 4. HPLC SPECTRA OF WYODAK 
LIQUEFACTION PRODUCTS 
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FIGURE 5. PROPOSED MODEL FOR THE INDOLINE 
LIQUEFACTION MECHANISM OF WYODAK COAL 

INDOLE PRODUCT 

FIGURE 6. THF CONVERSIONS FOR WODAK COAL 
IN MODEL SOLVENTS 
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THE FATE OF NITROGENOUS MODEL PROCESS SOLVENTS I N  COAL LIQUEFACTION 

J. W. He l lge th ,  P. G. Pmateis and L. T. Tay lo r  
Department o f  Chemistry 

B1 acksburg, VA 24061 

INTRODUCTION 

V i r g i n i a  Po ly techn ic  I n s t i t u t e  and Sta te  U n i v e r s i t y  

I 

The n a t u r e  and r o l e  o f  t h e  l i q u e f a c t i o n  s o l v e n t  a re  t h e  keys t o  understanding 
l i q u e f a c t i o n  chemis t ry .  

as a h jd rogen t r a n s f e r  mechanism and as a c a t a l y s t  ( 1 ) .  I n  t h i s  regard  r e c e n t  work 
d i s s o l u t i o n  o f  c o a l  b u t  t w o  o f  t h e  most s i g n i f i c a n t  r o l e s  have been suggested t o  be 

w i t h  1,2,3,4-tetrahjdroquinol i n e  (THQ) as a model l i q u e f a c t i o n  s o l v e n t  has 
demonstrated i t s  a b i l i t y  t o  conver t  a v a r i e t y  o f  c o a l s ,  b o t h  b i t u n i n o u s  and 
s u b b i t m i n o u s ,  t o  p y r i d i n e  and t o l u e n e  s o l u b l e s  i n  a r a p i d  and n e a r l y  complete 

u l t i m a t e  goal  o f  convers ion  t o  d i s t i l l a t e  m a t e r i a l s  i n  h i g h  y i e l d s  remains t o  be  

a r e  adducted t o  t h e  d i s s o l v i n g  coal  t o  g i v e  a n o n - d i s t i l l a b l e  y e t  t o l u e n e / p y r i d i n e  
s o l u b l e  m a t e r i a l .  The purpose o f  t h e  present  work i s  t o  q u a n t i f y  t h i s  adduc t ion  w i t h  
r e s p e c t  t o  product d i s t r i b u t i o n  and t o  d i s c e r n  t h e  p o s s i b l e  modes o f  s o l v e n t  n i t r o g e n  
l o s s  e i t h e r  through adduct ion  i n t o  t h e  c o a l - d e r i v e d  produc t  o r  th rough thermal 
c r a c k i n g  o f  t h e  so lvent .  Products f rom an in-house t u b i n g  bomb r e a c t o r  and from K e r r  
k G e e  Corp. a r e  e x m i n e d .  I n  a d d i t i o n  a s e r i e s  o f  THQ-related model s o l v e n t s  w i l l  be 
e x m i n e d  i n  o r d e r  t o  a s c e r t a i n  t h e  e f f e c t  o f  s l i g h t  changes i n  s o l v e n t  b a s i c i t y ,  
n i t r o g e n  atom s u b s t i t u e n t  and n i t r o g e n  atom r i n g  p o s i t i o n  upon t h e  e x t e n t  o f  c o a l  
convers ion  t o  s o l u b l e  and d i s t i l l a b l e  m a t e r i a l .  

Solvent apparent ly  serves many purposes d u r i n g  the  I 
' p 

. fashion  (2 -4) .  Whi le h i g h  convers ions  t o  s o l u b l e  p roduc ts  have been r e a l i z e d ,  t h e  

I a t t a i n e d .  It i s  now apparent t h a t  d u r i n g  l i q u e f a c t i o n ,  s i g n i f i c a n t  p o r t i o n s  o f  THQ 

EXPERIMENTAL 

L i q u e f a c t i o n  exper iments on a Wyodak #3 western s u b b i t m i n o u s  c o a l  were 
performed both  in-house and a t  Ker r  MGee Corp. (Cresent,  OK). The in-house 
exper iments i n v o l v e d  p r e p a r a t i o n  o f  t h e  feed coa l  by d r y i n g  a t  293'K, 12 hours  under 
a s t r e m  o f  d r y  n i t r o g e n  and then g r i n d i n g  t o  l e s s  than 60 mesh p a r t i c l e  s i z e .  
K e r r  KGee sample was prepared i n  a d i f f e r e n t  manner which i n v o l v e d  d r y i n g  under 
vacuum a t  room temperature f o r  24 hours  f o l l o w e d  by g r i n d i n g  t o  60 mesh p a r t i c l e  
s i z e .  The proximate and u l t i m a t e  a n a l y s i s  (MF b a s i s )  f o r  b o t h  samples a r e  presented 
i n  Tab le  I .  

The 

TABLE I 

Proximate AI a1 yses U1 t i m a t e  Analyses 

1 

1 Ash 17.5 18.7 
V o l a t i l e s  58.4 47.9 
F i x e d  Carbon 24.1 33.4 

% wt.a - % Wt.b 

Carbon 56.1 57.2 
Hydrogen 3.2 4.6 
N i t rogen 0.8 0.8 
Oxygen 11.8 15.6 
S u l f u r  7.6 3.02 

aIn-house Sample (19.2% H20); bKerr  McGee Sample (24.1% H20) 
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L i q u e f a c t i o n  o f  t h e  feed coa l  proceeded under the  general c o n d i t i o n s  o f  2 : l  
so l ven t : coa l ,  
hydrogen atmosphere ( c o l d  charge) .  
40 mL m ic roau toc lave  vesse ls  w i t h  4 grans o f  coa l .  
i nvo l ved  a 1 l i t e r  au toc lave  vessel and 100 g r m s  o f  coal .  Sample workup f o r  t he  
in-house samples i n v o l v e d  e x t r a c t i o n  w i t h  to luene  and p y r i d i n e  t o  o b t a i n  a convers ion 
based on s o l u b i l i t y  and through d i s t i l l a t i o n  t o  a 1050°F endpoint  (300'C, 1.3 Pa). 
The Kerr WGee p roduc t  work-up i nvo lved  d i s t i l l a t i o n  o f  t h e  products  t o  a 850°F 
endpoint  a t  atmospheric pressure (400'F, 13.3 Pa). 
products  were ob ta ined  from G a l b r a i t h  Labora to r ies  ( K n o x v i l l e ,  TN). 

691'K r e a c t i o n  temperature, 30 minutes r e a c t i o n  t ime  and 7.5 MPa 
Experiments performed in-house were conducted i n  

The Kerr  McGee experiment 

N i t rogen  de te rm ina t ions  o f  these 

RESULTS AND O I S C U S S I O N  
' I  
1' _. 

Ine model compounds used as process so i ven ts  i n  t h e  i i q u e t a c t i o n  runs  were 
1-methylnapthalene ( M N ) ,  t e t r a 1  i n  (TET), 1,2,3,4-THQ, 2 ,3 -~yc lohexenopy r id ine  (CHP), 
1,2,3,4-tetrahydroisoquinol ine (THIQ),  l-methyl-2,3,4-trihydroquinoline (MTHQ) and 
q u i n o l i n e  (QU).  We determined ( 1 )  the e x t e n t  o f  convers ion t o  bo th  so l ven t  so lub le  
and d i s t i l l a t e  m a t e r i a l  and ( 2 )  t he  l e v e l  o f  so l ven t  i n c o r p o r a t i o n  i n t o  the  residuum 
i n  terms o f  s o l v e n t  b a s i c i t y ,  p o s i t i o n  and presence o f  donatable hydrogen, 
s u b s t i t u e n t  i n t e r f e r e n c e  (MTHQ) and presence o f  n i t r o g e n  i n  the r i n g  (THQ vs. CHP). 

A comparison o f  t he  to luene  and p y r i d i n e  convers ions obta ined f o r  these runs i s  
desc r ibed  i n  F igu re  1. With respec t  t o  these convers ions,  t he  s o l u b i l i t i e s  repo r ted  
were obta ined i n  the  presence o f  the process so l ven t .  Therefore, co-so lvency e f f e c t s  
may be  i nvo lved .  Fo r  exmp le ,  as expected percent  p y r i d i n e  convers ions a re  
c o n s i s t e n t l y  h ighe r  than  pe rcen t  to luene convers ions rega rd less  o f  t h e  model process 
so l ven t .  For  MN, TET and QU, t h e  d i f f e r e n c e s  average more than 25%; whereas, w i t h  
THQ, THIQ, MTHQ and CHP t h e  d i f f e r e n c e s  a re  6% o r  l e s s .  Co-solvency r a t h e r  than 
depo lymer i za t i on  t o  sma l le r  fragments may account f o r  t he  r e l a t i v e l y  h i g h  to luene  
s o l u b i l i t i e s  observed w i t h  most of t h e  n i t r o g e n - c o n t a i n i n g  so lvents .  
conve rs ion  t o  p y r i d i n e  so lub les  appears t o  be s o l e l y  dependent upon the  presence o f  
r e a d i l y  dona tab le  hydrogen as evidenced by comparing MN/TET (69.9% vs 96.8%) and 
QU/THQ (76.8% vs 95.5%). A dependence o f  t o luene  s o l u b l e  convers ion on the  presence 
o f  n i t r o g e n  i n  the  r i n g  system i s  no t  v e r y  s t r i k i n g ,  MN/QU (51.1% vs 54.2%); whereas, 
if t h e  n i t r o g e n  i s  accompanied by donatable hydrogen t h e  dependence i s  g r e a t ,  TET/QU 
(71.4% vs 89.5%). Dependence o f  convers ion t o  to luene o r  p y r i d i n e  s o l u b l e  products  
on  t h e  p o s i t i o n  of  n i t r o g e n  i n  the r i n g ,  t h e  b a s i c i t y  o f  t h e  model so l ven t  and the 
p o s i t i o n a l  r e l a t i o n s h i p  of n i t r o g e n  t o  the  donatable hydrogen i n  the  r i n g  s t r u c t u r e  
was n o t  found. 

The product  mass balances f o r  the samples obta ined through d i s t i l l a t i o n  are 
shown i n  F i g u r e  2. I n s p e c t i o n  o f  the  f i g u r e  demonstrates severa l  p o i n t s .  F i r s t ,  the 
o n l y  run t o  demonstrate a n e t  i nc rease  i n  d i s t i l l a t e  recove ry  was t h a t  o f  MN. I n  the 
TET case t h e r e  was a n e t  convers ion o f  t h e  i n s o l u b l e  MF coa l .  However, a recove ry  of 
v o l a t i l e  p roduc ts  demonstrated a convers ion t o  l i g h t  ends and gases r a t h e r  tahn t o  
s l i g h t l y  l e s s  v o l a t i l e  m a t e r i a l .  I n  a l l  o f  t he  n i t r o g e n  h e t e r o c y c l i c  cases, a n e t  
gain i n  residuum mass was found. I n  genera l ,  t h e  d i s t i l l a t e  recove r ies  were greater  
than t h a t  i n  the  t e t r a l i t  case bu t  t h e y  were s t i l l  l e s s  than t h a t  p r e d i c t e d  by t h e  
s i a r i i r i g  so i ven t  mass. 

o f  approx imate ly  10-15% o f  t h e  s t a r t i n g  so l ven t  mass. 
THIQ where even a l a r g e r  m o u n t  of process so l ven t  was l o s t  t o  t h e  l i g h t  ends 
m a t e r i a l .  

I 

I 

From these data 

lhe r e d u c t i o n  i n  d i s t i  I l a t e  recove ry  c o r r e l a t e s  w i t h  
i n c o r p o r a t i o n  o f  s o l v e n t  i n t o  the  residuum o r  a c rack ing  o f  d i s t i l l a t e  t o  l i g h t  ends ir 

The excep t ion  found here was 
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The n i t r o g e n  conten t  d i s t r i b u t i o n s  f o r  t h e  produc ts  recovered i n  these r u n s  are  
d i s p l a y e d  i n  F igure  3. The n i t r o g e n  analyses were ob ta ined from G a l b r a i t h  
L a b o r a t o r i e s  w i t h  use o f  t h e  K j e l d a h l  method. I n  t h e  cases o f  MN and t e t r a l i n ,  t h e  
s o l e  source o f  n i t r o g e n  w i t h i n  t h e  r u n  was t h e  coa l  i t s e l f .  
s h i f t  o f  n i t r o g e n  conten t  t o  t h e  d i s t i l l a t e  mass was found. 
approx imate ly  20% o f  t h e  n i t r o g e n  c o n t e n t  i n  t h e  coa l  i s  dynanic. 
h e t e r o c y c l i c  compounds were employed a cons iderab le  amount o f  t h e  n i t r o g e n  base was 
found t o  have adducted i n t o  t h e  residuum o r  l o s t  t o  t h e  l i g h t  ends. 
n i t r o g e n  increase i n  the  residuum r e f l e c t s  an i n c o r p o r a t i o n  o f  between 8 and 15% o f  
t h e  s t a r t i n g  so lvent  mass. 
expected r e d u c t i o n  i n  adduct ion d i d  n o t  occur.  D i s t i l l a t e  a n a l y s i s  v i a  GC-FTIR 
demonstrated t h a t  a r a p i d  d i s s o c i a t i o n  o f  MTHQ t o  THQ had occurred r e s u l t i n g  i n  a 
s i m i l a r  q u a n t i t y  o f  adduct ion.  

I n  b o t h  these produc ts  a 
Under these c o n d i t i o n s ,  

When n i t r o g e n  

The percent  

S t e r i c  i n t e r f e r e n c e  was n o t  found f o r  MTHQ s i n c e  t h e  

To f u r t h e r  d e l i n e a t e  and q u a n t i f y  t h e  c o a l - s o l v e n t  i n t e r a c t i o n ,  n i t r o g e n  and 
mass balance d a t a  have been ob ta ined on t h e  produc ts  produced from a l i q u e f a c t i o n  run 
performed by Kerr  kGee.  
11. Upon i n s p e c t i o n  o f  these data,  i t  i s  apparent t h a t  t h e  n i t r o g e n  c o n t e n t  o f  t h e  
i n i t i a l  so lvent  (THQ) i s  h i g h l y  mobi le.  Approximately 8.0% o f  t h e  o r i g i n a l  THQ 
m a t e r i a l  i s  l o s t  t o  l i g h t  ends, gas produc t  and residuum m a t e r i a l .  
o f  t h i s  l o s s  was t o  t h e  residuum (67.5% o f  N loss f rom s o l v e n t ) .  
f u r t h e r  found t o  be  r e s t r i c t e d  t o  the  s o l v e n t  (THF) s o l u b l e  m a t e r i a l .  
o f  t h e  l o s s  was t o  mmonia and small  c h a i n  a l k y l  m i n e s  l o c a t e d  i n  t h e  gas produc t  
and l i g h t  end. See F i g u r e  4. 

It i s  apparent f rom these d a t a  t h a t  adduc t ion  o f  process s o l v e n t  t o  
n o n - d i s t i l l a t e  and h i g h  b o i l i n g  d i s t i l l a t e  m a t e r i a l s  i s  s i g n i f i c a n t .  Though some 
breakdown of process s o l v e n t  was found, i t s  c o n t r i b u t i o n  t o  the  l o s s  o f  t h e  dynmoic 
n i t r o g e n  component i s  minimal i n  comparison t o  the  p r o b l e n  o f  adduct ion.  

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  are  presented i n  T a b l e  
\ 

The major  p o r t i o n  

The r m a i n e d e r  
Th is  adduc t ion  was 
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Mass 
THQ 
Tetra1 i n  
Sol vent 
io a1 
MF Coal 

TABLE I 1  

MASS BALANCE AND NITROGEN CONTENT DATA 

S t a r t i n g  Mater i  a1 

Tota l  W t .  N i t rogen 
200 g % c o n t r i b u t i o n  
-- b y  s o l v e n t  

200 g 
100 g by coa l  
75.9 g 

Recovered Products 

D i  s t i  11 a t e  Wt . 203.19 g Residuum Wt. 
%N 9.55% %N 
Wt. N 19.40 g W t .  N 
% T o t a l  N 89.48% % T o t a l  N 
Retained Ret a i  ned 

N e t  Gain o r  Loss Net Gain o r  Loss 
From s o l v e n t  f rom Mois tu re  f r e e  
( i n i t i a l  weight)  Coal ( i n i t i a l  weight)  

N i t r o g e n  -1.66 g N i t rogen 

Mass t3.19 g Mass 
(1.6% 

(-7.88%) 

% T o t a l  Mass 
Recovered as 
D i s t i l l a t e  and 
Res idum 

Produc t  D i s t r i b u t i o n s  

86.14% % T o t a l  Mass as 
L i g h t  Ends and Gas 
Product (by  
d i f f e r e n c e )  

% T o t a l  N i t r o g e n  97.51% 
Retained i n  Residuum 
and D i  s t i  11  a t e  

% T o t a l  N i t rogen 
i n  Gas Product 
and L i g h t  Ends 
( b y  d i f f e r e n c e )  

21.66 g 

97.14% 
(21.06 g) 
2.86% 
(0.62 g) 

55.23 g 
3.18% 
1.74 g 
8.03% 

-20.67 
( -2  7.2%7 
t1 .12  g 
(181%) 

13.86% 

2.49% 

/ I  

I 
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CONVERSION OF 
WYODAK #3 TO SOLUBLE PRODUCTS 

TOLUENE SOLUBLES 

I- 80 

2 g 60 
J 

2 40 
0 
I- 

I 

$! 20 

n 

I- 80 

2 g 60 
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2 40 
0 
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$! 20 

n 
a 0 z I- 

W 
I- I I 3 

I- 0 o 
3 z 

- a 
I 
I- 
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z o W 

I- I 3 
I- 0 
3 z 

A - NOT OBTAINED 
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PYRIDINE SOLUBLES 



PRODUCT DISTRIBUTIONS 

PRODUCT DISTRIBUTIONS 
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MASS 
KERR MCGEE RUN P-24  
AN D N IT ROG EN D I ST R IBUT IONS 

F i g u r e  4 0 
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EFFECTS OF START-UP SOLVENT O N  COMPOSITION OF R E C Y C L E  
LIQUEFACTION PRODUCT SLURRY FROM LOW-RANK COALS 

R . C .  T i m p e ,  S.A.  F a r n u m ,  D . J .  M i l l e r ,  
A . C .  W o l f s o n ,  J . R .  R i n d t ,  a n d  Y . R .  P o t t s  

U n i v e r s i t y  o f  N o r t h  D a k o t a  E n e r g y  R e s e a r c h  C e n t e r  
Box 8 2 1 3 ,  U n i v e r s i t y  S t a t i o n  

G r a n d  F o r k s ,  N o r t h  D a k o t a  5 8 2 0 2  

I n t r o d u c t i o n  

A s  p a r t  o f  t h e  o n - g o i n g  r e s e a r c h  i n  t h e  l i q u e f a c t i o n  o f  l o w - r a n k  c o a l ,  
t h e  U n i v e r s i t y  o f  N o r t h  D a k o t a  E n e r g y  R e s e a r c h  C e n t e r  (UNDERC) c a r r i e d  
o u t  two b o t t o m s  r e c y c l e  r u n s .  The  p u r p o s e  o f  t h e s e  4 0  p a s s  r u n s  was 
t o  i n v e s t i g a t e  t h e  e f f e c t  o f  two d i f f e r e n t  s t a r t - u p  s o l v e n t s  on t h e  
c o m p o s i t i o n  o f  t h e  p r o d u c t  f r o m  p a s s  t o  p a s s ,  e s p e c i a l l y  t h e  b o t t o m s  
p o r t i o n  u s e d  a s  r e c y c l e  s o l v e n t ,  a n d  t h e  f i n a l  l i n e d - o u t  c o m p o s i t i o n  
o f  t h e  p r o d u c t .  

Runs  1 0 1  a n d  1 0 3  w e r e  c a r r i e d  o u t  i n  t h e  b o t t o m s  r e c y c l e  mode i n  
t h e  C o n t i n u o u s  P r o c e s s i n g  U n i t  (CPU) (l-). Z a p ,  N o r t h  D a k o t a  l i g n i t e  
f r o m  t h e  I n d i a n  H e a d  m i n e  w a s  i n t r o d u c e d  a t  5 l b s l h r  a s  a 30% s l u r r y  
( w t  X a s - r e c e i v e d  c o a l )  i n  r e c y c l e  f e e d  w i t h  H2S a d d i t i o n  i n  b o t h  
r u n s .  The  n o m i n a l  t e m p e r a t u r e  w a s  44OOC a n d  t h e  n o m i n a l  p r e s s u r e  was 
4 0 0 0  p s i g  H2/C0 ( 9 5 / 5 ) .  The s t a r t u p  s o l v e n t  f o r  Run 101 was  a t y p i c a l  
a n t h r a c e n e  o i l ,  A04,  p u r c h a s e d  f r o m  C r o w l e y  Tar  P r o d u c t s ,  N Y ,  
p r e v i o u s l y  d e s c r i b e d  ( 2  3 ) .  Run 1 0 3  was  s t a r t e d  u p  w i t h  a P r o c e s s  
D e v e l o p m e n t  U n i t  (PDU) f ; T y c l e  s o l v e n t  o b t a i n e d  f r o m  t h e  U n i v e r s i t y  of 
N o r t h  D a k o t a  C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ' s  P r o j e c t  L i g n i t e  (A). 
The  PDU s o l v e n t  was  d e r i v e d  f r o m  Z a p ,  N o r t h  D a k o t a  I n d i a n  Head 
l i g n i t e .  I t  h a s  b e e n  c h a r a c t e r i z e d  i n  d e t a i l  (2) .  A s h o r t  summary of 
t h e  r e l e v a n t  p r o p e r t i e s  o f  t h e  two s t a r t u p  s o l v e n t s  a p p e a r s  i n  T a b l e  
I .  B o t h  s o l v e n t s  p r o v i d e d  a d e q u a t e  o p e r a b i l i t y  of t h e  C P U  a n d  w e r e  
g r e a t e r  t h a n  9 5 %  d i s t i l l a b l e .  T h e s e  t w o  s t a r t u p  s o l v e n t s  w e r e  c h o s e n  
b e c a u s e  t h e y  d i f f e r  in s e v e r a l  i m p o r t a n t  w a y s .  The  P D U  s o l v e n t  
c o n t a i n e d  a b o u t  s e v e n  t i m e s  more  t o t a l  a l k a n e s  a n d  t e n  t i m e s  more  n- 
a l k a n e s  t h a n  t h e  A04 s o l v e n t  ( T a b l e  I ) .  T h e  PDU s o l v e n t  a l s o  
c o n t a i n e d  a h i g h e r  c o n c e n t r a t i o n  o f  m e t h y l a t e d  and  o t h e r  a l k y l a t e d  
a r o m a t i c  h y d r o c a r b o n s  t h a n  A04.  . F o r  e x a m p l e ,  2- a n d  3- 
m e t h y l p h e n a n t h r e n e  a r e  p r e s e n t  i n  t h e  PDU s o l v e n t  a t  4 .6  a n d  3.0 t i m e s  
t h e i r  c o n c e n t r a t i o n s  i n  A04.  T h e  P D U  s o l v e n t  a l s o  c o n t a i n s  
h y d r o a r o m a t i c s  ( s u c h  as  d i h y d r o - ,  t e t r a h y d r o -  a n d  o c t a h y d r o -  
p h e n a n t h r e n e ,  d i h y d r o p y r e n e ,  a n d  t e t r a h y d r o f l u o r a n t h e n e )  a n d  p h e n o l s  
( 6 . 2 % ) .  A04,  d e f i c i e n t  i n  b o t h  h y d r o a r o m a t i c s  a n d  p h e n o l s ,  i s  
composed  m a i n l y  o f  u n s u b s t i t u t e d  a r o m a t i c  h y d r o c a r b o n s  i n c l u d i n g  
l a r g e r  a m o u n t s  o f  a r o m a t i c  compounds  w i t h  m o r e  t h a n  t h r e e  f u s e d  r i n g s  
( i . e . ,  c h r y s e n e  a n d  b e n z ( a ) a n t h r a c e n e )  t h a n  t h e  PDU s o l v e n t .  T h e s e  
d i f f e r e n c e s  i n  c o m p o s i t i o n  a r e  e x p e c t e d  t o  a f f e c t  t h e  s o l v a t i n g  power 
o f  t h e  s o l v e n t  t o w a r d  c o a l  a n d  c o a l - d e r i v e d  p r o d u c t s .  T h e  d i f f e r e n c e  
i n  r e a c t i v e  n a t u r e  of t h e  s o l v e n t s  a t  h i g h  t e m p e r a t u r e  a n d  p r e s s u r e  i s  
e x p e c t e d  t o  l e a d  t o  d i E f e r e n t  i n i t i a l  p r o d u c t s .  

'Xhe l i q u e t a c t i o n  p r o d u c t s  w e r e  e x a m i n e d  f r o m  p a s s  t o  p a s s  i n  
o r d e r  t o  f o l l o w  t h e  c o m p o s i t i o n a l  c h a n g e s  as t h e  r e a c t i o n  p r o c e e d e d  
t o w a r d  s t e a d y - s t a t e  c o m p o s i t i o n  ( l i n e o u t )  a n d  t o  d e t e r m i n e  w h e t h e r  t h e  
p r o d c c t s  w e r e  c h e m i c a l l y  t h e  s a m e  f o r  b o t h  r u n s  a f t e r  40 r e a c t o r  
p a s s e s .  
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Table I. Properties of Startup Solvents A04 and UND PDU 
Solvent Used In CPU Runs 101 and 103 

Elemental Analysis: 

% C  
H 
N 
S 
0 (by difference) 

A0 4 

90.33 
6.54 
0.83 
0.57 
1.73 

Ash, % 0.03 

Water, % 0.20 

Selected Organic Component 
Analysis, wt % :  

PDU 

82.36 
7 .89 
0.21 
1 .I9 
2.49 

1.43 

4.43 

n- a lka ne s 
total alkanes 

Selected Hydrocarbons a n d  
Et hers : 

naphthalene 
2-methylnaphthalene 
acenap h the ne 
phenanthrene 
dibenzofuran 
3-methylphenanthrene 
2-methylphenanthrene 
fluoranthene 
pyrene 
fluorene 
benzo( alanthracene 
chrysene 
9,lO-dihydrophenanthrene 
o ct ahydr ophenant hrene 
1,2,3,4-tetrahydrophenathrene 
4.5-dihydropyrene 
1,2,3,4-tetrahydrofluoranthene 

0.6 6.8 
2.2 13.9 

0.75 
1.44 
9.54 

6.67 
0.66 
0.84 
0 .52 
6.87 
6 .67 
0.26 
0.27 

0 
0 
0 
0 

0.01 

16 .6 

0 
0.14 
0.08 
6.99 
0.39 
3.06 
2.55 
0.82 
0.46 
0.36 
0.06 
0.16 
0.23 
0.02 
0.18 
0.44 
0.06 

polars (phenols, base and polar 
aromatics) 18 .4 

phenols 0 
21.4 
6 .2 
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O u r  p r e v i o u s  e f f o r t s  w e r e  c o n c e n t r a t e d  o n  a n a l y s i s  o f  d i s t i l l a b l e  
p o r t i o n s  of t h e  p r o d u c t s  f r o m  e a r l i e r  r u n s  w h i c h  a v e r a g e d  
a p p r o x i m a t e l y  1 3  p a s s e s  (2). When w e  i n v e s t i g a t e d  t h e s e  r u n s  we 
n o t i c e d  t h a t  some i r r e v e r s i b l e  c h a n g e s  c a u s e d  by h e a t i n g  h a d  o c c u r r e d  
t o  t h e  v a c u u m  b o t t o m s  d u r i n g  t h e  ASTM D-1160 d i s t i l l a t i o n .  We c a r r i e d  
o u t  s e v e r a l  p r e l i m i n a r y  s e p a r a t i o n s  u s i n g  S o x h l e t  e x t r a c t i o n ,  
s o n i c a t i o n  a n d  s o n i c a t i o n  w i t h  h e a t ,  n o n e  o f  w h i c h  p r o v e d  s a t i s f a c t o r y  
f o r  t h i s  s t u d y .  A m e t h o d  w a s  t h e n  s e l e c t e d  f o r  s e p a r a t i o n  o f  t h e  
s l u r r y  t h a t  e x c l u d e d  a l l  s e v e r e  h a n d l i n g  o f  t h e  p r o d u c t  t o  a v o i d  
c h a n g e s  i n  t h e  h e a v y  p r o d u c t  c o m p o s i t i o n  d u r i n g  s e p a r a t i o n .  

The p r e l i m i n a r y  c h a r a c t e r i z a t i o n  o f  t h e  s e p a r a t e d  h e a v y  p r o d u c t s  
a n d  t h e i r  c o m p o s i t i o n  a s  c o m p a r e d  w i t h  t h e  c o m p o s i t i o n  o f  t h e  o i l s  a r e  
t h e  f o c u s  o f  t h i s  r e p o r t .  C h a n g e s  i n  t h e  s t a r t u p  s o l v e n t  a s  i t  r e a c t s  
w i t h  c o a l  a n d  i s  d i l u t e d  by c o a l - d e r i v e d  p r o d u c t s  a r e  d i s c u s s e d  w i t h  
e m p h a s i s  on  t h e  h e a v y  c o m p o n e n t s .  D i f f e r e n c e s  b e t w e e n  t h e  two  r u n s  
s t a r t e d  up  w i t h  d i f f e r e n t  s o l v e n t s  a r e  d e s c r i b e d .  

E x p e r i m e n t a l  

The  me thod  c h o s e n  t o  s e p a r a t e  t h e  p r o d u c t  s l u r r y  i s  b a s e d  on  
s o l u b i l i t i e s  a t  room t e m p e r a t u r e  ( F i g u r e  1 ) .  T h i s  s e p a r a t i o n  y i e l d e d  
a p e n t a n e  s o l u b l e ,  v o l a t i l e  o i l  f r a c t i o n  ( o i l ) ,  a p e n t a n e  i n s o l u b l e ,  
m e t h y l e n e  c h l o r i d e  s o l u b l e  h e a v y  f r a c t i o n  ( s o l u b l e  h e a v y  e n d s ) ,  a n d  a 
m e t h y l e n e  c h l o r i d e  i n s o l u b l e  f r a c t i o n  ( i n s o l u b l e  h e a v y  e n d s ) ,  T a b l e  
11. F u r t h e r  f r a c t i o n a t i o n  of t h e  o i l s  a n d  s o l u b l e  h e a v y  e n d s  f r o m  
p a s s  40 was c a r r i e d  o u t  by s i l i c a  g e l  o p e n  c o l u m n  c h r o m a t o g r a p h y .  
T h r e e  f r a c t i o n s  w e r e  c o l l e c t e d :  a l k a n e s  ( e l u t e d  w i t h  p e n t a n e ,  
i s o o c t a n e ,  p e n t a n e ) ,  a r o m a t i c s  ( e l u t e d  w i t h  m e t h y l e n e  c h l o r i d e ) ,  and  
p o l a r s  ( e l u t e d  w i t h  m e t h a n o l )  ( T a b l e  1 1 1 ) .  The c h r o m a t o g r a p h i c  m e t h o d  
i n v o l v e d  1 0 0  g A l d r i c h  G r a d e  1 2  28-200  m e s h  s i l i c a  g e l  a c t i v a t e d  a t  
25OOC f o r  2 4  h o u r s  p a c k e d  d r y  b e t w e e n  two  g l a s s  w o o l  p l u g s  i n  a P y r e x  
c o l u m n  t h a t  h a d  a 75 -100  p f r i t t e d  g l a s s  p l a t e .  T h e  s i l i c a  g e l  was 
w e t t e d  w i t h  HPLC g r a d e  p e n t a n e  a n d  t h e n  l o a d e d  w i t h  - 1  g r a m  of 
s a m p l e .  E l u t i o n  was i n  t h e  f o l l o w i n g  s e q u e n c e  w i t h  HPLC g r a d e  
s o l v e n t s :  1 5 0  m l  p e n t a n e ,  1 0 0  m l  i s o o c t a n e ,  5 0  m l  p e n t a n e ,  250 m l  
m e t h y l e n e  c h l o r i d e ,  a n d  1 0 0  m l  m e t h a n o l .  T h e  f i r s t  t h r e e  l i s t e d  e l u t e  
a l k a n e s ,  t h e  f o u r t h  e l u t e s  a r o m a t i c s  a n d  t h e  p o l a r  compounds  a r e  
e l u t e d  w i t h  t h e  f i f t h .  

C h a r a c t e r i z a t i o n  s t u d i e s  w e r e  c a r r i e d  o u t  o n  t h e  f r a c t i o n s  u s i n g  
e l e m e n t a l  a n a l y s i s ,  t e t r a h y d r o f u r a n  (THF) s o l u b i l i t y ,  t h e r m o -  
g r a v i m e t r i c  a n a l y s i s  (TGA),  s i z e  e x c l u s i o n  h i g h  p e r f o r m a n c e  l i q u i d  
c h r o m a t o g r a p h y  ( m o b i l e  p h a s  THF, U V  a n d  r e f r a c  v e  i n d e x  d e t e c t i o n ) ,  
I R  s p e c t r o m e t r y ,  200 MHz 'H N M R  a n d  5 0  MHz "C N M R  s p e c t r o m e t r y ,  
c a p i l l a r y  G C / M S  a n d  d i r e c t  p r o b e  MS. 

R e s u l t s  and D i s c u s s i o n  

The  v a r i a t i o n  i n  c o m p o s i t i o n  o f  t h e  p r o d u c t  s l u r r i e s  f r o m  Runs  1 0 1  and  
1 0 3  d u r i n g  4 0  r e c y c l e  p a s s e s  i s  shown  i n  F i g u r e  2 a n d  T a b l e  11. 

I n s o l u b l e  H e a v y  E n d s .  The  i n s o l u b l e  h e a v y  e n d s  i n c r e a s e d  d u r i n g  b o t h  
r u n s .  A s t e a d i e r ,  e a r l i e r  i n c r e a s e  was s e e n  d u r i n g  Run 1 0 1  ( F i g u r e  
2 1 ,  c o i n c i d i n g  w i t h  t h e  i n c r e a s i n g  v i s c o s i t y .  D u r i n g  Run 1 0 1  t h e  
r e a c t o r  was " b l o w n  down" o n l y  o n c e  ( p a s s  2 5 )  t o  r e m o v e  a c c u m u l a t e d  
r e a c t o r  s o l i d s  r e s u l t i n g  i n  a r a p i d  d r o p  i n  v i s c o s i t y .  T h e  v i s c o s i t y  
t h e n  r o s e  s l o w l y  u n t i l  p a s s  4 0  w h e r e  a r a p i d  i n c r e a s e  w a s  s e e n  (2). 
The  i n s o l u b l e  h e a v y  e n d s  i n c r e a s e d  m o r e  s l o w l y  d u r i n g  Run  1 0 3 .  T h i s  
s l o w e r  i n c r e a s e  may b e  r e l a t e d  t o  t h e  much l o w e r  v i s c o s i t y  o b s e r v e d  
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T a b l e  11. C o m p o s i t i o n  o f  R e c y c l e  S l u r r i e s  (Wt 9 ; )  D u r i n g  
C P U  Runs  1 0 1  a n d  1 0 3  

P a s s  No. 
F r a c t i o n s  0 7 19 30  ( 3 1 )  4 0  

O i l :  

1 0 1  
1 0 3  

S o l u b l e  Heavy  
E n d s :  

1 0 1  
1 0 3  

I n s o l u b l e  Heavy  
E n d s :  * 

1 0 1  
1 0 3  

T o t a l  % 
R e c o v e r y :  

1 0 1  
1 0 3  

Ash:  

1 0 1  
1 0 3  

94.5 
8 8  .3 

4 .1  
2.7 

0.04 
3 . I  

98 .6 
94 . I  

0.03 
4.4 

* I n c l u d e s  m i n e r a l  m a t t e r .  

70  .9 
67 .O 

14 .3 
18 .9 

8.6 
9.9 

93.8 
95.8 

6.6 
6 .9 

50.2 
5 9  .o 

19.9 
19  .6 

19.1 
12.7 

89.2 
9 1  .3 

10.8 
9.8 

54.7 
46.3 

16.4 
16.2 

27 .6 
24.4 

98.7 
86.9 

11.2 
13  .O 

48.4 
46.1 

16 .1  
19.7 

29.8 
25.6 

94.3 
91.4 

11.4 
11.5 

T a b l e  111. S i l i c a  G e l  Co lumn F r a c t i o n a t i o n  of C P U  Runs  
1 0 1  a n d  1 0 3  P a s s  40 Oils a n d  S o l u b l e  Heavy  E n d s  ( W t  X )  

1 0 1  Pass 40 1 0 3  P a s s  4 0  
S o l u b l e  S o l u b l e  

Heavy  E n d s  H e a v y  E n d s  

A l k a n e s  0.1 5.6 0 .6 8 .o 

P o l a r s  - 
X R e c o v e r y  92.6 92.8 82.2 97 .8  

A r o m a t i c s  56.2 59.1 45 .o 58.6 
35.3 28.1 36.6 - 3 1  .2 - 
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d u r i n g  Run 1 0 3 .  T h e  v i s c o s i t y  was c o n t r o l l e d  d u r i n g  Run 1 0 3  by 
s c h e d u l i n g  r e a c t o r  b lowdown e v e r y  t w e l f t h  p a s s .  D i r e c t  i n s e r t i o n  
p r o b e  MS h e a t i n g  p r o f i l e s  o f  t h e  i n s o l u b l e  h e a v y  e n d s  f r o m  Runs  1 0 1  
a n d  103  g a v e  n o n - q u a n t i t a t i v e  p r o f i l e s  o f  t h e  s m a l l  p e r c e n t a g e  o f  t h e  
m a t e r i a l  t h a t  c o u l d  b e  a n a l y z e d  by t h i s  m e t h o d .  The  i n s o l u b l e  h e a v y  
e n d s  s a m p l e  f r o m  Run 1 0 1  g a v e  a p r o m i n e n t  p e a k  t h a t  v o l a t i l i z e d  e a r l y  
i n  t h e  r u n .  T h i s  p e a k  g a v e  a m a s s  s p e c t r u m  t h a t  a p p e a r e d  t o  be 
i d e n t i c a l  w i t h  t h a t  o f  1 , 2 ' - b i n a p h t h y l .  T h i s  c o m p o n e n t  was n o t  
p r e s e n t  in t h e  i n s o l u b l e  h e a v y  e n d s  f r o m  Run 1 0 3 .  I t  was n o t  a 
p r o m i n e n t  c o m p o n e n t  o f  t h e  s o l u b l e  h e a v y  e n d s  f r o m  e i t h e r  r u n .  A f t e r  
s u b t r a c t i n g  t h e  a s h  c o n t e n t  a n d  t h e  THF s o l u b l e  p o r t i o n  of t h e  h e a v y  
e n d s ,  7 . 5 %  o f  Run 1 0 1  a n d  6 . 7 %  of  Run 1 0 3  is i n t r a c t a b l e  THF i n s o l u b l e  
o r g a n i c  m a t t e r  ( T a b l e  IV). 

S o l u b l e  Heavy  E n d s .  The  s o l u b l e  h e a v y  e n d s  a l s o  i n c r e a s e d  g r a d u a l l y  
f r o m  p a s s  t o  p a s s  d u r i n g  b o t h  Runs  1 0 1  a n d  1 0 3  a s  t h e  c o a l - d e r i v e d  
m z t e r i a l s  h a g a n  t o  r e p l a c e  t h e  > 9 1 %  s o l u b l e  s t a r t u p  s o l v e n t s  ( F i g u r e  2 
a n d  T a b l e  11) u n t i l  p a s s  4 0  w h e r e  t h e  sum of t h e  i n s o i u b i e  and s o l i i b l s  
h e a v y  e n d s  r e a c h e d  a b o u t  4 5 %  t o  4 6 % .  T h i s  l e a v e s  4 8 . 4 %  (Run 1 0 1 )  a n d  
4 6 . 1 %  ( R u n  1 0 3 )  o i l s  a s  p r o d u c t s  a t  p a s s  4 0  ( F i g u r e  2 a n d  T a b l e  11). 

C h a r a c t e r i z a t i o n  o f  t h e  s o l u b l e  h e a v y  e n d s  is much m o r e  d i f f i c u l t  
t h a n  t h e  c h a r a c t e r i z a t i o n  o f  d i s t i l l a b l e  o i l s  w h i c h  c a n  be e a s i l y  
s e p a r a t e d  by c a p i l l a r y  G C  a n d  i d e n t i f . i e d  by  G C ,  GC/MS and  N M R  
c o m p a r i s o n s  w i t h  known s t a n d a r d  c o m p o u n d s .  However  t h e  s o l u b l e  h e a v y  
e n d s  r e s e m b l e  t h e  o i l s  in some v e r y  i m p o r t a n t  w a y s .  They  c a n  be 
s e p a r a t e d  b y  s i m p l e  c o l u m n  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  i n t o  f r a c t i o n s  
e a s i l y  i d e n t i f i e d  a s  a l k a n e s  { 6 0 . 5 - 1 . 4 ) ,  a r o m a t i c s  ( 6 7 . 2 - 8 . 7 1 ,  and 
p o l a r s  ( 6 6 . 2 - 7 . 2 )  b y  200  MHz H N M R  ( F i g u r e  3 )  a n d  5 0  MHz C N M R  
s p e c t r o m e t r y .  The  s o l u b l e  h e a v y  e n d s  f r o m  R u n s  1 0 1  a n d  1 0 3  
p a r t i t i o n e d  d i f f e r e n t l y  w i t h  o u r  s e p a r a t i o n  ( T a b l e  111). Run 103  
p r o d u c e d  m o r e  C-9 a n d  l a r g e r  a l k a n e s  in t h e  h e a v y  a n d  o i l  f r a c t i o n s  
t h a n  Run  1 0 1 .  S m a l l  c o n t a m i n a t i o n  o f  b o t h  a l k a n e  f r a c t i o n s  by 
p h t h a l a t e s  o c c u r r e d  ( n o t e  e x t r a n e o u s  p e a k s  on  F i g u r e  3 ,  t o p  r i g h t ) .  
S m a l l  a m o u n t s  o f  p h t h a l a t e  c o n t a m i n a n t s  w e r e  a c c i d e n t a l l y  i n t r o d u c e d  
i n t o  t h e  s l u r r y .  T h e y  a p p e a r  in a l l  t h r e e  c o l u m n  f r a c t i o n s ,  b u t  
m a i n l y  in t h e  h e a v y  e n d s  p o l a r  f r a c t i o n  o f  Run 1 0 1 .  Run 1 0 3  a l s o  
p r o d u c e d  m o r e  p o l a r s  i n  t h e  o i l  a n d  h e a v y  f r a c t i o n s  t h a n  Run 101  
( T a b l e  111). Run  1 0 1  p r o d u c e d  s l i g h t l y  m o r e  a r o m a t i c  h y d r o c a r b o n s  
t h a n  Run  1 0 3 .  

S o l u b l e  Heavy  E n d s - A r o m a t i c  F r a c t i o n s .  D i f f e r e n c e s  b e t w e e n  a r o m a t i c  
f r a c t i o n s  o f  t h e  s o l u b l e  h e a v y  e n d s  o f  R u n s  1 0 1  a n d  1 0 3 . m a y  be s e e n  by 
i n s p e c t i o n  o f  t h e  e l e m e n t a l  a n a l y s e s  ( T a b l e  V I ,  t h e  I H  NMR s p e c t r a  
( F i g u r e  3 ,  m i d d l e ) .  t h e  I R  s p e c t r a  ( n o t  s h o w n ) ,  T G A  v o l a t i l e s ,  a n d  t h e  
a v e r a g e  m o l e c u l a r  w e i g h t  maxima ( T a b l e  IV). D i r e c t  i n s e r t i o n  p r o b e  MS 
h e a t i n g  p r o f i l e s  f r o m  3 0 '  t o  350°C a t  5 O / m i n  o b t a i n e d  a t  1 0  e v  a n d  70  
e v  w e r e  c o m p a r e d  f o r  s a m p l e s  o f  a r o m a t i c  f r a c t i o n s  o f  t h e  s o l u b l e  
h e a v y  e n d s  Run 1 0 1  a n d  1 0 3 .  D u r i n g  t h e  f i r s t  p a r t  o f  t h e  h e a t i n g  
p r o f i l e s  s m a l l  a m o u n t s  o f  m a t e r i a l s  w i t h  m a s s e s  r e c o g n i z a b l e  a s  common 
h y d r o c a r b o n s  w e r e  n o t e d .  T h e s e  i n c l u d e d  s u c h  masses as  1 2 8 , 1 4 2  
( p r o b a b l e  n a p h t h a l e n e s ) ,  1 7 8 , 1 9 2  ( p h e n a n t h r e n e s )  a n d  2 0 2 , 2 1 6  ( p y r e n e s )  
r r h i r h  w e r e  s e e n  in t h e  h e a v y  a r o m a t i c  f r a c t i o n s  o f  b o t h  Runs  1 0 1  and  
1 0 3 .  M a s s e s  1 6 8 , 1 8 2  a n d  1 9 6  ( p r o b a b l e  d i b e n z o f u r a n s j  w e r e  uiucii i i lo rc  
p r o m i n e n t  in t h e  h e a v y  a r o m a t i c s  f r o m  Run 1 0 3  t h a n  Run 1 0 1 .  T h e s e  
p a r e n t  i o n s ,  p r e s e n t  i n  b o t h  h i g h -  a n d  l o w - v o l t a g e  m a s s  s p e c t r a ,  a r e  
p r o b a b l y  s m a l l  h y d r o c a r b o n s  a n d  e t h e r s  p a r t i t i o n e d  i n t o  t h e  h e a v y  
f r a c t i o n  d u r i n g  o u r  i n i t i a l  s o l u b i l i t y  s e p a r a t i o n .  A s  t h e  h e a t i n g  
p r o g r e s s e d  a l a r g e  number  o f  m a s s e s  g i v i n g  t h e  maximum i o n  c u r r e n t  
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T a b l e  I V .  P r o p e r t i e s  o f  O i l s ,  S o l u b l e  Heavy E n d s ,  and  
I n s o l u b l e  Heavy End F r a c t i o n s  o f  CPU 

Runs 101 and 103, P a s s  40 

T H F  N o n v o l a t i l e s  A v e r a g e  M U  ~~ 

I n s o l u b l e  
Sample (Wt X )  

T o t a l  S a m p l e s :  

101 Sol. 0 .oo 
103 Sol. 0 .oo 
101 O i l  0 .oo 
103 O i l  0 .oo 

Heavy Ends  

Heavy Ends 

S i l i c a  G e l  C o l u m n  
F r a c t i o n s  3 ( a r o m a t i c s ) :  

101 Sol. 0 .oo 
103 Sol. 0 .oo 

101 O i l  0 .oo 
103 O i l  0 .oo 

Heavy Ends 

Heavy Ends 

S i l i c a  G e l  Column 
F r a c t i o n s  4 ( p o l a r s ) :  

101 s o l .  1.97 

103 Sol. 4 .61 

101 O i l  0 .oo 

Heavy Ends 

Heavy Ends 

103 Oil 4 .46 

32.52 (8OOC) 

31.62 (800C) 

42.69 (500C) 

36.25 (500C) 

2.83 (500C) 

1.75 (500C) 

31.98 (500C) 

17.75 (500C) 

11.31 (500C) 

13.53 (500C) 

I 

Maxima ( S i z e  
E x l u s i o n s  HPLC) 

10.000. 1200. 
475 . 
10,000, 1200, 
- 
475, 280, 240 
1200, 540, 420, 
360 
620, 505, 360, 
210, 340, 290, 
260 

- 

1200, 1000, 550 
10,000, 1200, 
600, 450, 320 
610. 385. 345, 
320, 220, 160 
330, 310, 220, 
~ , ~ , ~  

13,000. 1350. 520,450 
1200, 480, 430, 
380 
15,000, 1100, 
680, 540, 450, 
360, 330, 150 
16,000, 1000, 

- 

- 

520, 380, 360, 
250, 200 

I n s o l u b l e  Heavy E n d s :  

101 63.5 (18.9% of s l u r r y )  
103 7 1  .O (18.2% of s l u r r y )  
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a r o u n d  mass 5 0 0  w e r e  o b s e r v e d .  T h i s  r e s u l t  a g r e e s  w i t h  t h e  maxima o f  
m a s s  5 5 0  a n d  4 5 0  i n  t h e  s i z e  e x c l u s i o n  c h r o m a t o g r a p h i c  H P L C  a v e r a g e  
m o l e c u l a r  w e i g h t  p r o f i l e s  f r o m  b o t h  Runs  1 0 1  a n d  1 0 3  ( T a b l e  IV). 
T h e r e  w e r e  a l a r g e  n u m b e r  o f  b o t h  e v e n  a n d  odd  m a s s e s  r e p r e s e n t e d  i n  
p r o f i l e s  f r o m  b o t h  r u n s .  Run 1 0 3  h a d  a p a r t i c u l a r l y  p r o m i n e n t  odd  
mass h o m o l o g o u s  s e r i e s  o f  3 8 1 ,  3 9 5 ,  4 0 9 ,  4 2 3 ,  4 3 9 ,  4 5 3 ,  a n d  4 6 7 .  T h e  
u n i t  r e s o l u t i o n  o f  o u r  q u a d r u p o l e  MS d i d  n o t  p e r m i t  c o n f i r m a t i o n  o f  
t h e s e  m a s s e s  a s  a r o m a t i c  n i t r o g e n  c o m p o u n d s ,  h o w e v e r  t h e y  were  
t e n t a t i v e l y  a s s i g n e d  t o  n e u t r a l  a r o m a t i c  n i t r o g e n  compounds  a f t e r  
c o n s i d e r i n g  t h e  N / C  r a t i o s  ( T a b l e  V )  a n d  t h e  s e p a r a t i o n s  u s e d  t o  
o b t a i n  t h e  f r a c t i o n s .  

S o l u b l e  Heavy  E n d s - P o l a r  F r a c t i o n s .  13C NMR a n d  ' H  N M R  s p e c t r o s c o p y  
( F i g u r e  3 ,  b o t t o m )  show a p r e d o m i n a n c e  o f  p h e n o l i c  o x y g e n  
f u n c t i o n a l i t y  i n  t h e  s o l u b l e  h e a v y  e n d s  p o l a r  f r a c t i o n s  f r o m  b o t h  R u n s  
1 0 1  a n d  1 0 3 .  A l t h o u g h  t h e  t o t a l  p o l a r  n i t r o g e n  c o n t e n t  i n  t h e  t w o  
r u n s  was a l m o s t  t h e  s a m e ,  t h e  d i s t r i b u t i o n  o f  n i t r o g e n  compounds  
d i f f e r e d .  The p o l a r  compounds  f r o m  R u n s  1 0 1  h a v e  a h i g h e r  N / C  r a t i o  
t h a n  t h o s e  f r o m  Run 1 0 3  ( T a b l e  V). D i r e c t  i n s e r t i o n  p r o b e  MS h e a t i n g  
p r o f i l e s  c o m p a r i n g  t h e  p o l a r  f r a c t i o n s  f r o m  R u n s  1 0 1  a n d  1 0 3  i n d i c a t e d  
a l o w e r  m o l e c u l a r  w e i g h t  r a n g e  t h a n  t h a t  o f  t h e  a r o m a t i c  f r a c t i o n s ,  
t h u s  s u p p o r t i n g  t h e  s i z e  e x c l u s i o n  c h r o m a t o g r a p h i c  HPLC d i s t r i b u t i o n  
( T a b l e  IV). E v e n  a n d  o d d  m a s s e s  w e r e  p l e n t i f u l  w i t h i n  t h e  m o l e c u l a r  
w e i g h t  r a n g e  f o u n d  f o r  h e a v y  s a m p l e s  f r o m  R u n s  1 0 1  a n d  1 0 3 .  A s t r o n g  
c o r r e l a t i o n  b e t w e e n  o x y g e n  c o n t e n t  ( m o s t l y  p h e n o l i c )  a n d  v i s c o s i t y  f o r  
s o l v e n t - r e f i n e d  c o a l s  w a s  n o t e d  i n  o u r  l a b o r a t o r y  b u t  t h e  s a m e  s t u d y  
f a i l e d  t o  f i n d  a c o r r e l a t i o n  b e t w e e n  t o t a l  n i t r o g e n  c o n t e n t  a n d  
v i s c o s i t y  (5) .  tt t h e  p r e s e n t  t i m e  i t  i s  n o t  c l e a r  w h e t h e r  t h e  
d i f f e r e n c e s  f o u n d  i n  n i t r o g e n  compound t y p e  d i s t r i b u t i o n  i n  t h e  
p r e s e n t  s t u d y  h a v e  a n y  e f f e c t  on v i s c o s i t y .  

O i l s .  A n a l y s i s  o f  t h e  o i l s  f r o m  p a s s  4 0  o f  Runs  1 0 1  a n d  1 0 3  were  
c a r r i e d  o u t  i n  o r d e r  t o  p r o v i d e  c o m p a r i s o n  w i t h  t h e  s o l u b l e  h e a v y  e n d s  
a n d  t o  s u p p l y  mass b a l a n c e  f o r  t h e  s l u r r y  separaL'!on a n a l y s i s .  A much 
more d e t a i l e d  c h a r a c t e r i z a t i o n  o f  t h e  o i l s  t h r o u g h o u t  t h e  e n t i r e  r u n  
i s  b e i n g  p r e p a r e d .  T h e  p e r c e n t a g e  o f  o i l s  d e c r e a s e s  f r o m  > 8 5 %  i n  t h e  
s o l v e n t s  a t  t h e  b e g i n n i n g  o f  t h e  r u n s  t o  4 5 % - 5 8 %  a t  t h e  l a s t  p a s s .  
D i f f e r e n c e s  i n  c o m p o s i t i o n  of t h e  o i l s  f r o m  R u n s  1 0 1  a n d  1 0 3 ,  p a s s  4 0 ,  
w e r e  a s s e s s e d  u s i n g  t h e  a n a l y t i c a l  p r o c e d u r e s  a l r e a d y  d e s c r i b e d  a n d  
s o l v e n t  e x t r a c t i o n  ( J ) .  B a s e  e x t r a c t i o n  o f  t h e  p h e n o l s  g a v e  t h e  s a m e  
p e r c e n t  p h e n o l s  f o r  b o t h  Runs  1 0 1  a n d  1 0 3 .  The  a m o u n t s  o f  m e t h y l a t e d  
p h e n a n t h r e n e s  i n  t h e  a r o m a t i c  f r a c t i o n  o f  Run 1 0 3  w e r e  l a r g e r  t h a n  i n  
Run 101 .  The d i f f e r e n c e  i n  t h e  p h e n a n t h r e n e  c o m p o s i t i o n  b e t w e e n  R u n s  
1 0 1  a n d  1 0 3  p a s s  4 0  o i l s  may b e  s e e n  by o b s e r v i n g  t h e  r e g i o n  b e t w e e n  
t h e  r e s o n a n c e s  f o r  u n s u b s t i t u t e d  p h e n a n t h r e n e  h d r o g e n s  a t  8 . 7 1  a n d  
8 . 6 8  6 a n d  t h e  p y r e n e  p e a k  a t  8 . 2 0 6 i n  t h e  200 MHz 'H NMR s p e c t r a  a t  t h e  
b o t t o m  o f  F i g u r e  4 .  The  p e a k s  b e t w e e n  t h e s e  v a l u e s  a r e  
c h a r a c t e r i s t i c  o f  s u b s t i t u t e d  p h e n a n t h r e n e s .  The u n s u b s t i t u t e d  
a r o m a t i c  h y d r o c a r b o n s ,  p h e n a n t h r e n e  ( 8 . 7  1 ,  8 . 6 8  6 ) ,  f l u o r e n e  ( 3 . 9 8 6 ) ,  
a n d  a c e n a p h t h e n e  ( 3 . 3 9 6 )  a r e  m o r e  p l e n t i f u l  i n  Run 1 0 1  p a s s  4 0  o i l s  
t h a n  i n  Run 103  O i l s .  

P a s s  t o  p a s s  c o m p o s i t i o n  c h a n g e s  d u r i n g  t h e  t w o  r e c y c l e  r u n s  w e r e  
o b s e r v e d  ( T a b l e  11, F i g u r e  4 ) .  T h e s e  c h a n g e s  a r e  g r a p h i c a l l y  
d i s p l a y e d  i n  F i g u r e  4 w h i c h  s h o w s  2 0 0  MHz 'H  NMR s p e c t r a  o f  some o f  
t h e  p r o d u c t  o i l s  a s  t h e y  c h a n g e  i n  c o m p o s i t i o n  f r o m  p a s s  t o  p a s s .  
T h e s e  c h a n g e s  a r e  more  e v i d e n t  d u r i n g  t h e  i n i t i a l  d i l u t i o n  o f  s t a r t u p  
s o l v e n t  w i t h  p r o d u c t  a n d  become  more  s u b t l e  b e t w e e n  t h e  3 0 t h  a n d  4 0 t h  

113 



p a s s .  T h e  c o m p o s i t i o n  of  p r o d u c t  o i l  f r o m  b o t h  R u n s  101 a n d  103 s t i l l  
a p p e a r  t o  b e  c h a n g i n g  s l o w l y  a t  p a s s  4 0 .  

S u n m a r z  

A room t e m p e r a t u r e  s o l u b i l i t y  s e p a r a t i o n  m e t h o d  was u s e d  t o  s e p a r a t e  
t h e  p r o d u c t s  o f  t w o  4 0  p a s s  CPU r u n s  t h a t  u s e d  d i f f e r e n t  s t a r t u p  
s o l v e n t s .  A l t h o u g h  t h e  c o m p o s i t i o n  was n o t  i n v e s t i g a t e d  in d e t a i l ,  
t h e  i n s o l u b l e  h e a v y  e n d s  f r a c t i o n  f r o m  Run 101 a p p e a r e d  t o  c o n t a i n  
b i n a p h t h y l  w h i l e  Run 103 d i d  n o t .  T h e  o i l s  a n d  s o l u b l e  h e a v y  e n d s  
p o r t i o n s  f r o m  t h e  4 0 t h  p a s s  were f r a c t i o n a t e d  by s i l i c a  g e l  c o l u m n  
c h r o m a t o g r a p h y .  T h e  s e p a r a t i o n  i n t o  a l k a n e s ,  a r o m a t i  s ,  a n d  o l a r s  
g a v e  c l e a n  f r a c t i o n s  b a s e d  o n  N M R  s p e c t r a l  d a t a .  T h e  'H a n d  "C N M R  
s p e c t r a  of t h e  c o r r e s p o n d i n g  oil a n d  h e a v y  f r a c t i o n s  w i t h i n  a s l u r r y  
s a m p l e  r e s e m b l e d  e a c h  o t h e r  w i t h  o i l  p o l a r s  ( k n o w n  t o  b e  m a i n l y  
p h e n o l i c )  r e s e m b l i n g  h e a v y  p o l a r s  a n d  o i l  a r o m a t i c s  r e s e m b l i n g  h e a v y  

c a u s e s  t h e m  t o  b e  s e p a r a t e d  by s o l u b i l i t y  a p p e a r s  t o  be p o l a r i t y  
r a t h e r  t h a n  m o l e c u l a r  w e i g h t  d i f f e r e n c e s .  H o w e v e r ,  t h e  m a j o r  
d i f f e r e n c e  b e t w e e n  oil a n d  h e a v y  a r o m a t i c  f r a c t i o n s  c a u s i n g  s o l u b i l i t y  
s e p a r a t i o n  i s  a p p a r e n t l y  d u e  t o  m o l e c u l a r  w e i g h t  d i f f e r e n c e s .  

T h e  s u c c e s s  o f  t h e s e  s e p a r a t i o n s  w i t h  m a t e r i a l s  o f  m o d e r a t e l y  
h i g h  m o l e c u l a r  w e i g h t  makes  p o s s i b l e  a s u r v e y  o f  a l a r g e r  p e r c e n t a g e  
o f  t h e  l i q u e f a c t i o n  p r o d u c t  s l u r r y .  T h e  c h a r a c t e r i z a t i o n  of  t h e  
f r a c t i o n s  by  a c o m b i n a t i o n  of t e c h n i q u e s  i s  now p o s s i b l e .  A l a c k  of  
h i g h  m o l e c u l a r  w e i g h t  m o d e l  c o m p o u n d s  t o  s e r v e  a s  k n o w n s  f o r  f u r t h e r  I 

a n a l y s i s  p r e s e n t s  a p r o b l e m ;  h o w e v e r ,  a d d i t i o n a l  w o r k  i s  in p r o g r e s s .  
T h e  p r o d u c t s  f r o m  R u n s  101 a n d  103 a f t e r  4 0  p a s s e s  w e r e  

c h e m i c a l l y  d i s s i m i l a r .  B o t h  t h e  o i l s  a n d  t h e  h e a v y  e n d s  showed a 
number  of  d i f f e r e n c e s .  I t  was  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  r u n  
s t a r t e d  up  w i t h  t h e  PDU r e c y c l e  s o l v e n t  t h a t  c o n t a i n e d  m o r e  a l k a n e s  
(13.9%) s t i l l  y i e l d e d  a p r o d u c t  w i t h  m o r e  a l k a n e s  a f t e r  4 0  p a s s e s  b u t  
t h e  t o t a l  a m o u n t  w a s  o n l y  8% o f  t h e  o i l ,  3.8% of  t h e  p r o d u c t  s l u r r y .  
T h e  p e r c e n t  p h e n o l s  i n  t h e  o i l  ( b y  e x t r a c t i o n )  w a s  v e r y  c l o s e  t o  e q u a l  
f o r  p a s s  4 0  f r o m  R u n s  101 a n d  103 b u t  t h e  a r o m a t i c  h y d r o c a r b o n  
c h a r a c t e r  o f  t h e  s t a r t u p  s o l v e n t  a p p e a r e d  t o  b e  r e c o g n i z a b l e  a f t e r  40 
p a s s e s  in b o t h  R u n s  101 a n d  103. Run 103 s t i l l  c o n t a i n s  more  
a l k y l a t e d  a n d  m e t h y l a t e d  a r o m a t i c  h y d r o c a r b o n s  l i k e  t h e  PDU s o l v e n t  
w h i l e  Run 101 c o n t a i n e d  m o r e  u n s u b s t i t u t e d  a r o m a t i c  h y d r o c a r b o n s  s u c h  
a s  p h e n a n t h r e n e ,  a c e n a p h t h e n e ,  a n d  f l u o r e n e  l i k e  A04.  T h e r e  was an  
u n e q u a l  d i s t r i b u t i o n  of  n i t r o g e n  w i t h i n  t h e  p r o d u c t s  f r o m  t h e  two 
r u n s .  

V a r i o u s  c o m p o s i t i o n  d a t a  w e r e  e x a m i n e d  i n  a n  a t t e m p t  t o  f i n d  a 
c o r r e l a t i o n  w i t h  t h e  much h i g h e r  v i s c o s i t y  o f  Run 101. T h e r e  d i d  n o t  
s e e m  t o  b e  much d i f f e r e n c e  in t h e  s i z e  of  a n y  h e a v y  f r a c t i o n  when Runs 
101 a n d  103 w e r e  c o m p a r e d ,  a l t h o u g h  t h e  i n s o l u b l e  h e a v y  e n d s  w e r e  
s o m e w h a t  l a r g e r  i n  Run 101 ( 2 9 . 8 %  o f  t h e  s l u r r y  c o m p a r e d  w i t h  Run 103 
2 5 . 6 % ) .  T h e  p o r t i o n  o f  t h e  s l u r r y  t h a t  r e p r e s e n t s  THF i n s o l u b l e  v e r y  
h e a v y  i n t r a c t a b l e  o r g a n i c  m a t t e r  w a s  7 . 5 %  f o r  Run 101 a n d  6 .7% f o r  Run 
103. T h e  c o m p o s i t i o n  o f  t h e  s o l u b l e  h e a v y  e n d s  w i t h  r e s p e c t  t o  
a m o u n t s  o f  p h e n o l s  a n d  a r o m a t i c s  d i d  n o t  a p p e a r  t o  b e  t h e  c a u s e  o f  t h e  
v i s c o S i t y .  O n l y  cne  d i f f e r e n c e  +?.'1s n o t e d  a n d  t h a t  wan Run 101 h e a v y  
e n d s  p o l a r  f r a c t i o n  s h o w e d  a h i g h e r  N/C r a t i o  i n d i c a t i n g  a d i f f e r e n t  
compound t y p e  d i s t r i b u t i o n  t h a n  Run 103. T h e  v i s c o s i t y  d i f f e r e n c e  
c o u l d  n o t  b e  e x p l a i n e d  b a s e d  on t h e  o i l  c o m p o s i t i o n .  T h e  p e r c e n t  
p h e n o l s  i n  t h e  o i l  was  t h e  same in b o t h  R u n s  101 a n d  103 a l t h o u g h  t h e  
p o l a r  ( m a i n l y  p h e n o l i c )  f r a c t i o n  o f  Run 101 a l s o  s h o w e d  t h e  h i g h e r  N/C 
r a t i o  i n d i c a t i n g  d i f f e r e n t  compound t y p e s  a r e  p r e s e n t  t h a n  i n  Run 103. 

, 

a r o m a t i c s .  T h e  d i f f e r e n c e  b e t w e e n  o i l  a n d  h e a v y  p o l a r  f r a c t i o n s  t h a t  i 
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Figure 1. Separation of CPU product slurry by solubility and Silica 
gel column chromatography. 
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Figure  2. 
and a sh  a n a l y s i s  f o r  CPU product  s l u r r i e s  from Runs 101 and 103. 

Product  d i s t r i b u t i o n  a s  determined by s o l u b i l i t y  s e p a r a t i o n  

I 
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Figure 3. 
fractions from soluble heavy ends, CPU Runs 101 and 103. 

200 MHz 'H NMR spectra of silica gel column chromatographic 

117 

3 



101-7 kl: 
101-19 I t  

101-30 103-3 1 

I 
103-40 

l o a 6 4 2 0  
PPm 

1 0 8 6 4 2 0  
PPm 

F i g u r e  4. Changes in t h e  o i l s  du r ing  CPU Runs 101 and 103 a s  shown by 
200 MHZ 1~ NMR spec t roscopy .  
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Chemical Interactions Between 
Heavy Solvent Components and 

Coal During Coal Liquefaction 

James R. Longanbach 

Bat te l le  Columbus Laboratories 
505 King Avenue 

Columbus, Ohio 43201 

Introduction L 
Interest  in the heavy components i n  recycle solvents from d i r ec t  coal 

liquefaction processes was generated when Kerr-McGee and Conoco reported tha t  the  
addition of l igh t  SRC, a fraction from the c r i t i c a l  solvent deashing s tep  in the SRC 
Process,to the recycle solvent greatly improved overall solvent quali ty.  (1 )  However, 
some heavy components are not beneficial and can lead t o  coke formation. Clearly, 
recycling some high molecular weight solvent components i s  beneficial t o  d i rec t  coal 
liquefaction processes while recycling others i s  not. The objective of t h i s  study 
has been t o  look a t  the chemical reactions of the heavier materials from an actual 
recycle solvent during the dissolving step of two-stage coal 1 iquefaction. 

Experimental Approach 

the Lummus integrated two-stage liquefaction (ITSL) process p i lo t  plant,  ( 2 )  d i s t i l l  
the solvent t o  454'C, (3) separate each d i s t i l l a t i on  cut i n t o  fractions of chemically 
similar compounds, ( 4 )  characterize the separated fractions in de t a i l ,  and (5) study 
the effects on liquefaction when each solvent fraction i s  used as a heavy recycle 
solvent additive in a microautoclave liquefaction experiment. 

1 

7 The experimental approach has been t o  (1 )  obtain a recycle solvent from 

Coal and Solvent 

I l l ino is  #6 bituminous coal (Burning Star )  which had been g r o u n d  t o  80 
percent -200 mesh and dried t o  4 percent moisture fo r  use in the Lummus ITSL p i lo t  
plant was used for  t h i s  w o r k .  An analysis i s  shown in Table 1. 
i n  Alabama and shipped t o  New Jersey so i t  may have experienced some oxidation, b u t  
i t  i s  probably typical o f  the coals which would actually be used in d i rec t  liquefac- 
t ion processes. The coal was stored under nitrogen in glass j a r s  a f t e r  i t  was 
received in an attempt t o  minimize additional oxidation during storage. 

Recycle solvent from the Lummus ITSL p i lo t  plant was used as the  solvent. 
This solvent i s  a +343'C d i s t i l l a t i on  residue which had been par t ia l ly  hydrogenated 
i n  the process. 
d i s t i l l a t e  and a +427OC residue were obtained and analyzed. Analysis of the s t a r t -  
ing recycle solvent and the two d i s t i l l a t i on  fractions a re  l i s t ed  i n  Table 2. 
the total  solvent, 36 percent boiled below 427°C and 64 percent boiled above 427OC. 
The residue contained most of the heteroatoms; 80 percent of the nitrogen, 84 
percent of the sulfur and 76 percent of the oxygen. 

This coal was ground 

The recycle solvent was d i s t i l l ed  under vacuum t o  427'C and a - 4 2 7 O C  

Of 

Sol vent Separation 

Separations of the solvent fractions obtained by d i s t i l l a t i on  t o  454OC 
were carried out a 

alumina (200 g )  and  eluted with hexane, benzene, chloroform, and tetrahydrofuran. 
The chemical types eluted were non-aromatic hydrocarbons, aromatic hydrocarbons, 
N-aromatics, and 0-aromatics, respectively. Some polar material was retained on the 
column. 

shown in Figure 1 using a column chromatography method developed 
by Later and Lee@ s . T h e  sample (10 g )  was coated on Brockman Activity 1 neutral 
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TABLE 1. ANALYSES OF ILLINOIS #6 COAL FROM THE 
LUMMUS ITSL PROCESS PILOT PLANT 

Prox imate Analyses, W t  % As-Received Dry 

M o i s t u r e  3.99 
Ash 9.72 10.12 

Elemental Analyses, W t  % 

Carbon 
Hydrogen 
N i t r o g e n  
S u l f u r  
Oxygen (by d i f f e r e n c e )  
H/C 

P a r t i c l e  S ize D i s t r i b u t i o n ,  W t  % 

69.73 
4.93 
1.18 
2.88 

72.63 
4.67 
1.23 
3.00 
8.35 
0.77 

+70 mesh 
-70 +120 
-120 +zoo 
-200 +325 
-325 

0.07 
3.64 

18.90 
14.84 
62.55 

TABLE 2. ANALYSES OF RECYCLE SOLVENT FROM THE 
LUMMUS ITSL PROCESS PILOT PLANT 

Sample SCT Recycle Solvent  -427OC 427°C 
(2SCT16-1122) 

Elemental Analyses, W t  % MAF MAF 

Ash 1.30 co.01 2.00 
Carbon 86.77 1 
Hydrogen 
N i  t roqen 

87.91 90.96 87.88 89.67 
6.88 6.97 7.12 6.18 6.31 
0.94 0.95 0.57 1.30 1.33 

0.23 0.69 0.70 S u l f u F  0.53 0.54 
Oxygen (by d i f f e r e n c e )  3.6 3.63 1.12 1.95 1.99 
H/C 0.95 0.94 0.84 

r.fst;::aifoi, D a t a ,  wi 2 

-427°C 35.6 
+427"C 64.4 
Molecular  Weight, g/mole 477 257 456 
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A second separation was carried o u t  on par t ia l ly  deactivated s i l i c i c  acid 
( 3  g water/100 g s i l i c i c  acid) by coating i t  with the N-aromatic fraction (3.35 g )  
and eluting with carbon tetrachloride,  benzene and tetrahydrofuran. These single 
solvents were used instead of the two-component solvents described by Later and Lee(2) 
so tha t  they could be recycled in the large scale column chromatography equipment. 
Only the +454 C N-aromatic fraction was separated on s i l i c i c  acid. 

Figure 2 .  Of the -454 C f rac t ion ,  9.6 percent i s  non-aromatic hydrocarbons, 72.9 
Percent i s  aromatic hydrocarbons, 5.6 percent i s  N-aromatics and 0.4 percent i s  0- 
aromatics. Only 3.8 percent i s  polar material which did n o t  e lu te  from the Column. 
Overall, 82.5 percent of the -454OC solvent fraction are heteroatom-free hydrocarbons. 

The +454OC fraction consists of only 1.3 percent non-aromatic hydrocarbons, 
27.0 percent aromatic hydrocarbons, 4.8 percent N-aromatics and 33.3 percent 0- 
aromatics. A large amount of polar material, 29.1 percent, i s  also present and does 
not e lu te  from the column. The heteroatom-free hydrocarbons to ta l  only 28.3 percent 
of the +454OC recycle solvent fraction. 

Several separations of the +454"C N-aromatic fraction on s i l i c i c  acid gave 
yields of 13-26 percent primary nitrogen compound (aromatic amines), probably 
tontaminated with t e r t i a ry  nitrogen compounds i n  which the basic nitrogen i s  s t e r i ca l ly  

was 20-30 percent and the yield of basic t e r t i a ry  nitrogen compound (pyridine 
derivatives) was 30-45 percent. Total recoveries ranged from 75-85 percent. 

The resu l t s  of the f i r s t  column chromatography separation a re  shown in 

protected". The yield of acidic secondary nitrogen compounds (pyrroles,  e t c . )  

Results and  Discussion 

The separated fractions were characterized by measuring molecular weight 
(by Vapor Phase Osmometry using THF as  the solvent),  elemental analyses and H I - N M R .  
This data was used to  obt in average structural  parameters by application of the 
Brown-Ladner equations (37 Titrations of basic nitrogen were done using perchloric 
acid in acetic acid.(41 Titrations of acidic hydrogen were done by refluxing with 
metallic sodium in tetrahydrofuran, adding water a f t e r  removin excess sodium, and 
back t i t r a t ing  the sodium hydroxide formed with standard HC1. ( 2 )  The analytical 
resu l t s  are sumnarized in Table 3. 

All of the coal liquefaction experiments were done in a microautoclave 
liquefaction apparatus using 5 minutes reaction time a t  427°C under 1000 psi hydrogen 
(room temperature) with a solvent/coal/additive r a t io  of 2:1:0.5. 

A diagram of the microautoclave reactor i s  shown in Figure 3. 
of a 3/4-inch union-tee microreactor which has a volume of 22.4 cc, a valve t o  add 
and release gases, a thermocouple which extends in to  the microautoclave t o  monitor 
temperature, and  a pressure transducer t o  monitor pressure during each experiment. 
The microautoclave i s  heated in a sand bath and shaken horizontally. A 3/8-inch ball 
bearing i s  added t o  f a c i l i t a t e  mixing. 

fractionated by the i r  so lub i l i t i e s  i n  THF. toluene and heptane into insoluble organic 
material ( I O M )  plus ash, preasphaltenes, asphaltenes and o i l s .  
and a complete mass balance was done for each experiment. 
99.2 percent, excluding water and gases. 

I t  consists 

The product gases were analyzed by GC a n d  the l iquids and so l ids  were 

Yields were calculated 
Mass balances averaged 

Non-Aromatic Hydrocarbons 

The non-aromatic hydrocarbon fractions are complex mixtures of paraffins,  
o le f ins  and naphthenes. 
C21H3 
formu?a of C H4 (3.5unsaturations or rings).  Comparison of the conversions t o  THF 
solubles (Ta8qe 8 )  shows t h a t  the heavier fraction i s  a be t te r  solvent. 
aromatic hydrocarbons are expected t o  ac t  only as a physical solvent since they 
contain few or no hydroaromatics which can lose hydrogen readily. 
material therefore appears t o  be be t te r  able t o  dissolve the products of l iquefaction, 
possibly because more of the heavier fraction i s  in the l iquid s t a t e  and  less  in 
the vapor phase due t o  the higher boiling point range. 

The -454'C fraction has an average molecular formula o f  
(5  unsaturations o r  rings) and the +454'C fraction has an average molecular 

The non- 

The heavier 
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Aromatic Hydrocarbons 

The molecular formulas are C H f o r  the -454OC material and  C23H20 f o r  

The molecular weights of the two fractions d i f f e r  

the +454OC fraction. 
These are hydrogenated materials and thereaare significant amounts of a1 iphatic 
rings (hydroaromatics) present. 
by only 53 g/mole. 

Comparison of the liquefaction resu l t s  (Table 4) shows t h a t  the lower 
boiling range fraction i s  the be t te r  solvent. 
i s  expected t o  be hydrogen transfer.  The -454°C fraction has a higher H / C  r a t i o  
(0.99 vs 0.84), i s  l ess  aromatic (f  0 . 6 5 ~ s  0.74) and contains more hydroaromatic 
hydrogens (1.52 vs 1.42 w t  %),  as mgasured by assigning portions of the HI-NMR 
spectrum t o  hydrogens in cyclic structures a and 8 t o  a n  aromatic ring. Another 
factor,  which has not been measured, i s  molecular s i ze ,  which may a l so  have a n  
impact on the re la t ive  ab i l i t y  of the smaller and larger molecules t o  get close 
enough t o  the dissolving coal t o  t ransfer  hydrogen. 
ing point of the +454"C molecules, which should make those molecules more able t o  
physically support the dissolving coal, favor the heavier material. 

The a r o m a t i ~ i t i e ~ ~ ( # ~ )  a re  0.65 and 0.74 fo r  the two fractions.  

The major reaction of these fractions 

Only the larger s ize  and boil-  

N-Containing Aromatics 

The difference i n  molecular weight between the N-aromatic fractions i s  
large,  117 g/mole. 
there i s  also one atom of oxygen present in each molecule. 
polar b u t  are also made u p  of condensed hydroaromatic structures,  so they should be 
able to  ac t  both as hydrogen donors and as physical solvents. The H/C ra t ios  a re  
similar for  the -454'C and +454 "C f r  c t i o  s 0.95 and 0.90 respectively, b u t  
estimation of donatable hydrogen by Hf-NMR?SJ indicates t h a t  the 1 ighter f rac t ion  
should be a much be t te r  hydrogen donor, 1.43 weight percent donatable hydrogen vs 
0.88 fo r  the +454"C fraction. 

fractions are s ign i f icant .  
while only about 60 percent of the oxygen i n  the +454"C fraction i s  non-acidic. 
Of the nitrogen in the -454'C fraction 47 percent i s  basic ( t e r t i a r y )  b u t  only 
34 percent i s  basic in the +454OC fraction. 
as large (.041 vs .024) in the l igh ter  fraction. 

additives resu l t  in lower conversions, although the -454OC material i s  by f a r  the  
more effective solvent. 
fraction may be able t o  overcome most of the negative reactions which occur as a 
resu l t  of the increased polarity of the N-aromatics, compared t o  the aromatic 
hydrocarbons. 
dissolving coal t o  produce large yields of asphaltenes. 
nounced in the +454OC fraction and may be due t o  the higher amount of acidic 
(phenolic) oxygen. 

The molecular formula of the t454"C fraction indicates t h a t  
These fractions are 

The differences in hetero atoms types between the -454°C and +454"C 
All of the oxygen in the -454'C fraction i s  non-acidic 

The N / C  mole r a t io  i s  also twice 

Both N-aromatic solvent The liquefaction results are compared in Table 4. 

The hydrogen donation potential of the l igh ter  N-aromatic 

A major reaction of these fractions i s  adduction of solvent t o  the  
This i s  also more pro- 

Primary, Secondary and Tertiary +454"C N-Aromatics 

The +454"C aromatic fraction was s p l i t  into three fractions by nitrogen 
type, as shown below: 

Primary Secondary Tertiary N-Type 

Compound 
Type 

% of Total N 
24 Basic 

Non-basic ( d i f f . )  76 

-- 
QJ 

H 

5 
95 

78 
22 

30 
70 

% of Total 0 

Non-acidic ( d i f f . )  
?rim-€.---- 

I 

11 
89 
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The p u r i t y  of n i t r o g e n  types i n  each f r a c t i o n  can be est imated from t h e  
r a t i o s  of bas i c  t o  nonbasic n i t rogen  present .  
expected t o  be contaminated w i t h  s i g n i f i c a n t  amounts o f  t e r t i a r y  n i t r o g e n  compounds 
i n  which the n i t r o g e n  i s  s t e r i c a l l y  protected(2) .  
n i t r o g e n  i n  t h i s  f r a c t i o n  i s  bas i c  ( t e r t i a r y ) a n d  t h e  o t h e r  76 percent  i s  assumed t o  
be t h e  des i red  pr imary n i t r o g e n  compounds. 
i s  expected t o  be t h e  most pure and i t  i s  95 percent nonbasic n i t rogen .  
t e r t i a r y  (bas i c )  n i t r o g e n  f r a c t i o n  i s  78 percent bas i c  n i t rogen .  

probably  i n  hydrogen bonds. 
i s  p r i m a r i l y  non-ac id ic ,  poss ib l y  s u b s t i t u t e d  furans, a l s o  i n  hydrogen bonds. 
same oxygen-nitrogen p a i r s  a l so  appear t o  be present  i n  the  contaminated pr imary 
n i t r o g e n  f r a c t i o n .  
a b l e  t o  f o r m  hydrogen bonds w i t h  non-ac id ic  oxygen. 

combined N-aromatics f r a c t i o n  as shown i n  Table 4. 
g i v e  the  lowest  conversions o f  t he  t h r e e  f r a c t i o n s  and the  most asphaltenes. 
on n e t  hydrogen used, t h e  t e r t i a r y  n i t r o g e n  compounds do n o t  s h u t t l e  hydrogen. 
They may s t r o n g l y  bond w i t h  so l ven t  and d i s s o l v i n g  coa l .  

l ower  asphaltene y i e l d s .  
t h a t  they a r e  a l s o  adducted t o  the d i s s o l v i n g  coal  and so l ven t .  
i n d i c a t i o n  o f  s h u t t l i n g  hydrogen. 

f o r  coal  l i q u e f a c t i o n ,  p a r t i c u l a r l y  i f  they are present  when t h e  coal  mo is tu re  
i s  re leased du r ing  d ry ing  and can r e p l a  e the mois ture i n  the  coal  pores be fo re  
l i q u e f a c t i o n  temperatures are reached(7j,  under the  cond i t i ons  used i n  these 
experiments they a r e  r e l a t i v e l y  poor l i q u e f a c t i o n  so lvents ,  p a r t i c u l a r l y  t h e  
t e r t i a r y - N  f r a c t i o n .  

The pr imary n i t r o g e n  f r a c t i o n  i s  

About 24 percent  o f  t h e  

The secondary ( a c i d i c )  n i t r o g e n  f r a c t i o n  
The 

A c i d i c  (pheno l i c )  oxygen i s  assoc iated p r i m a r i l y  with t h e  bas i c  n i t rogen ,  
The oxygen associated w i t h  secondary ( a c i d i c )  n i t r o g e n  

The 

Although t h e  pr imary n i t r o g e n  i s  n e u t r a l  i t  should a l s o  be 

A l l  o f  t h e  i n d i v i d u a l  N-aromatic f r a c t i o n s  a re  b e t t e r  so l ven ts  than t h e  
The t e r t i a r y  n i t r o g e n  N-aromatics 

Based 

The secondary N-aromatics g i v e  t h e  h ighes t  conversions and s i g n i f i c a n t l y  
They r e s u l t  i n  t h e  l a r g e s t  n e t  l oss  o f  o i l  which i n d i c a t e s  

They show some 

Al though the  n i t r o g e n  compounds have been repor ted t o  be good so l ven ts  

0-Containing Aromatics 

The f i n a l  f r a c t i o n  s tud ied  i s  an oxygen-containing aromatic f r a c t i o n  which 
e l u t e d  from the column chromatography separat ion.  Although much o f  t he  oxygen i n  
t h e  coa l  l i q u e f a c t i o n  so lvents  i s  probably  phenolic, t i t r a t i o n  o f  a c i d i c  hydrogen 
showed t h a t  90-96 percent  o f  t he  oxygen on the  molecules t h a t  e l u t e d  was non-ac id ic ,  
probably  i n  f u n c t i o n a l  groups such as s u b s t i t u t e d  benzofurans. 
have lower a r o m a t i c i t i e s  than the  o t h e r  f r a c t i o n s  and a r e  h i g h l y  subs t i t u ted .  The 
-454OC f r a c t i o n  con ta ins  an average o f  2 oxygens per  molecule and the  +454OC f r a c -  
t i o n  conta ins an average o f  4 oxygens per  molecule. The H/C r a t i o s  are h igh ,  1.13 
and 1.18, respec t i ve l y ,  as are the weight  percentages of donatable hydrogen, 1.53 
and 1.77, r e s p e c t i v e l y .  however. as shown i n  Table 4, these f r a c t i o n s  a re  very poor 
so l ven ts .  
t rans fe r .  
aromat ic  b u t  a re  a t o  oxygen atoms. 
as shown by the  nega t i ve  o i l  y i e l d s .  
so l ven ts ,  p o s s i b l y  due t o  t h e i r  low a r o m a t i c i t i e s  and r e l a t i v e l y  l a r g e  s t e r i c  s i ze ,  
caused by t h e  l a r g e  number o f  subs t i t uen ts .  

Conclusions 

These m a t e r i a l s  

Apparent ly ,  t he  major r e a c t i o n  o f  t h i s  c lass  o f  compounds i s  n o t  hydrogen 
This  may be because the  "donatable" hydrogens a re  n o t  r e a l l y  hydro- 

They seem t o  adduct i n  l a r g e  amounts t o  so l ven t ,  
They apparent ly  a r e  a l s o  poor phys i ca l  

The hydrocarbon f r a c t i o n s  i n  the  r e c y c l e  so l ven t  have a p o s i t i v e  e f f e c t  
on 1 i que fac t i on  w h i l e  the  heteroatom con ta in ing  f r a c t i o n s  have a nega t i ve  e f f e c t .  
S ince the  combined amount o f  non-aromatic and aromatic hydrocarbons i s  about 82.5 
we igh t  percent o f  t h e  -454°C r e c y c l e  so l ven t  and o n l y  28.3 weight percent  o f  t he  
+454OC r e c y c l e  so lvent ,  i t  i s  n o t  s u r p r i s i n g  t h a t  t he  o v e r a l l  e f f e c t  o f  adding 
more -454°C s o l v e n t  i s  p o s i t i v e  and t h e  o v e r a l l  e f f e c t  of adding more +454"C sb l ven t  
i s  negat ive (Table 5). ' 

which can a f f e c t  t h e i r  e f f i c i e n c y  as l i q u e f a c t i o n  so lvents  are improved 
Among t h e  opposing p roper t i es  of h igher  molecules weiqht  so l ven t  components 
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f a c i l i t y  fo r  hydrogenation reactions,  b u t  lower amount of donatable hydrogen present, 
lower vapor pressure a t  elevated temperature but the possibil i ty t h a t  t he i r  increased 
s i ze  has a negative s t e r i c  e f fec t  on the i r  ab i l i t y  to  transfer hydrogen. Comparisons 
of solvent fractions of differing molecular weights gives mixed resu l t s .  Of the  
solvent components which are expected t o  react primarily by H-transfer (N-aromatics 
and aromatic hydrocarbons) the heavier fractions are l e s s  e f fec t ive ,  possibly because 
of s t e r i c  hindrance t o  hydrogen transfer a n d  l ess  available hydrogen t o  t ransfer ,  but 
of the solvent components expected t o  ac t  only as physical solvents (non-aromatic 
hydrocarbons and  0-containing aromatics) the heavier components are more effective 
than the corresponding lower molecular weight fractions.  

There appears t o  be a relationship between the type of heteroatoms 
present i n  the recycle solvent fraction which i s  based on hydrogen bonding. These 
relationships appear t o  be an area where additional research may increase understand- 
ing of the weak bonds which are made and broken during liquefaction which resu l t  in 
net solvent loss and improved coal so lubi l i ty .  Another area where further research 
i s  needed i s  on the e f fec t  of s t e r i c  s ize  of the solvent components on coal lique- 
faction. 

because i t  resu l t s  in the production of a s ing le ,  higher-value l iquid product with 
low carcinogenicity, in higher yields t h a n  would otherwise be possible. 
carbons, about 25 percent of the heavy ends, a re  productive liquefaction solvent 
components as well. 

The overall e f fec t  of recycling heavy ends in the ITSL process i s  posit ive 

The hydro- 
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BEHAVIOR OF PHENOLICS I N  COAL LIQUEFACTION: 
SAMPLE CHARACTERIZATION AND EFFECT ON COAL C O N V E R S I O N  I N  A CSTR UNIT -- 
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INTRODUCTION 

Pheno l ic  components o f  coa l  1 i q u e f a c t i o n  s o l v e n t s  have been cons idered t o  
be b e n e f i c i a l  f o r  convers ion  o f  coa l  (1,2). Orchin and Storch ( 2 ) ,  f o r  
example, r e p o r t e d  t h a t  t h e  a d d i t i o n  o f  smal l  amounts o f  c r e s o l  t o  t e t r a l i n  
inc reased t h e  c o n v e r s i o n  o f  coa l  compared w i t h  t h e  y i e l d  observed w i t h  
t e t r a l i n  alone. Kamiya and co-workers (3 )  observed a s i m i l a r  e f f e c t  w i t h  
phenol o r  c r e s o l  added t o  a s o l v e n t  composed o f  t e t r a l i n  and l - m e t h y l -  
naphthalene; t h e  magnitude o f  t h e  i n c r e a s e  was dependent upon t h e  coa l  used. 
The r e p o r t e d  e f f e c t  has been a s c r i b e d  t o  a v a r i e t y  o f  f a c t o r s ,  one o f  which i s  
a hydrogen-bonding i n t e r a c t i o n  between t h e  p h e n o l i c  species and e t h e r s  i n  t h e  
coa l  (2,3), l e a d i n g  t o  i n c r e a s e d  cleavage o f  v a r i o u s  e thers .  

Awadalla and Smith ( 4 )  observed an inc rease i n  convers ion  w i t h  p -c reso l  
b u t  suggested t h a t  t h e  e f f e c t  was an a r t i f a c t  o f  t h e  e x t r a c t i o n  process, a co- 
s o l v e n t  e f f e c t  a r i s i n g  f rom lack  o f  p r i o r  removal o f  t he  p h e n o l i c  m a t e r i a l .  
Larsen e t  a l .  (5 ) ,  i n v e s t i g a t i n g  t h e  use o f  phenol as a s o l v e n t  f o r  l i q u e f a c -  
t i o n  of  Bruceton P i t t s b u r g h  Seam coa l ,  found t h a t  a s o l v e n t / c o a l  r a t i o  o f  1.5 
and r e a c t i o n  tempera ture  o f  46OOC l e d  t o  a weight inc rease o f  t h e  coa l  o f  9% 
a f t e r  a 15-min r e a c t i o n .  Th is  l a r g e  amount o f  adduc t ion  w i t h  o n l y  a 10% 
convers ion  t o  p y r i d i n e - s o l u b l e  m a t e r i a l  i n d i c a t e s  t h a t  phenol i s  a very poor 
s o l v e n t  under t h e s e  c o n d i t i o n s .  Runs made a t  482°C r e s u l t e d  i n  an inc rease i n  
convers ion ,  up t o  82% f o r  a 10 /1  phenol /coal  feed. However, t h e  l i q u i d  
p roduc t  c o n t a i n e d  14% by we igh t  phenol o f  which 6% was a t t a c h e d  t o  t h e  coa l  by 
o t h e r  than hydrogen-bonding i n t e r a c t i o n s .  An a d d i t i o n a l  8% was exchangeable 
w i t h  un labe led  m a t e r i a l .  

O u r  (6 )  p a s t  work w i t h  naphtho ls ,  phenol, and c r e s o l s  u s i n g  a mic ro-  
a u t o c l a v e  u n i t  i n d i c a t e d  t h a t  phenol and naphtho ls  were poor  s o l v e n t s  f o r  coa l  
l i q u e f a c t i o n  due t o  h i g h  l e v e l s  o f  adduct ion.  However, l e s s  adduct ion  was 
observed w i t h  t h e  a d d i t i o n  o f  c r e s o l s  t o  t h e  so lvents .  Therefore,  a s e r i e s  of 
r u n s  were made i n  a CSTR u n i t  t o  e v a l u a t e  t h e  e f f e c t  o f  adding phenol and 
c r e s o l s  t o  an thracene o i l  (AO) and SRC-I1 d e r i v e d  so lvents .  I n  a d d i t i o n ,  an 
"OH-reduced" s n ! ~ ~ e n t  ~4 a :o!vcnt m i x t u r e  o f  AO p l i s  OH-concentrate were 
t e s t e d .  i 

i 1 
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The c o a l  was Powhatan No. 5 Mine ( P i t t s b u r g h  No. 8 Seam) ground t o  pass 
a t  l e a s t  98% through 100 mesh screen. Analyses o f  t h e  c o a l  and s o l v e n t s  a r e  
g i v e n  i n  Table 1. 

The bench-scale l i q u e f a c t i o n  runs  were made i n  a cont inuous  f e e d  s t i r r e d -  
tank  r e a c t o r  (CSTR) system. A f l o w  diagram o f  t h e  coa l  l i q u e f a c t i o n  u n i t  i s  
shown i n  F i g u r e  1 ;  i t s  o p e r a t i o n  has been p r e v i o u s l y  descr ibed ( 7 ) .  Samples 
o f  t h e  r e a c t o r  s l u r r y  were f i r s t  s t r i p p e d  w i t h  n i t r o g e n ,  and t h e y  were t h e n  
s u b j e c t e d  t o  s e q u e n t i a l  Soxh le t  e x t r a c t i o n  u s i n g  pentane, to luene,  and 
t e t r a h y d r o f u r a n  (THF), r e s p e c t i v e l y .  F r a c t i o n s  were d e f i n e d  as f o l l o w s ,  u s i n g  
a s  a b a s i s  MAF c o a l  feed:  

w t %  o i l s  
w t X  asphal tenes 
w t %  preasphal tenes (PA) = { t o l u e n e  i n s o l u b l e ,  THF soluble/MAF c o a l  1 x 100 
w t %  THF i n s o l u b l e s  = {THF i n s o l u b l e  m a t e r i a l  /MAF c o a l  1 x 100 

RESULTS AND DISCUSSION 

= {(MAF coa l -pentane insolubles)/MAF c o a l  1 x 100 
= {pentane i n s o l u b l e ,  t o l u e n e  soluble/MAF c o a l  1 x 100 

- 
C h a r a c t e r i z a t i o n  o f  t h e  OH-Concentrate: The OH-concentrate (OH-CONC) was 

i s o l a t e d  by c o n t a c t i n g  S R C - I 1  s o l v e n t  w i t h  ac t iv ,a ted  Rohm and Haas Co. IRA-904 
r e s i n .  The OH-CONC was then f reed by washes o f  C02/methanol a c i d  and HC02H/ 
methanol f o l l o w e d  by  s o l v e n t  s t r i p p i n g .  

The hydroxy l  c o n c e n t r a t e  o f  SRC-I1 s o l v e n t  was added t o  a smal l  amount o f  
methylene c h l o r i d e  and analyzed by c a p i l l a r y  GC/MS. The g r e a t e s t  p o r t i o n  
( 5 6 % )  o f  t h e  chromatographic peaks o t h e r  t h a n  s o l v e n t  was phenol (10%) o r  
a l k y l - s u b s t i t u t e d  phenols (46%). Methy l  phenols (23%) account f o r  a p p r o x i -  
m a t e l y  h a l f  o f  t h e  a l k y l - s u b s t i t u t e d  phenols w i t h  t h e  remainder (23%) b e i n g  C2 
t o  C5  phenols. Other peaks i n c l u d e  C H 0 isomers (10%) and C H 0 isomers  
(9%) which a r e  probab ly  i n d a n o l s  and me%h:QIindanols. Hydroxybipkgn;? (1%) and 
carbazo le  (3%) were i d e n t i f i e d .  Po lynuc lear  a romat ic  hydrocarbons accounted 
f o r  1 6 %  o f  t h e  peaks. The l a r g e s t  o f  these was methylphenanthrene (4%). The 
remainder o f  t h e  peaks ( 5 % )  were smal l  and u n i d e n t i f i e d .  

The ‘H spectrum o f  t h e  OH-CONC f r a c t i o n  i s  shown i n  F i g u r e  2, and t h e  
r e s u l t s  a r e  summarized i n  Table 2. Th is  f r a c t i o n  has aromat ic ,  h y d r o x y l ,  
hydroaromat ic,  and a l k y l  s u b s t i t u e n t  f u n c t i o n a l i t y .  The a r o m a t i c  r e g i o n  spans 
f rom 6 ppm t o  8.6 ppm. These aromat ic  hydrogens represent  39.7% o f  t h e  t o t a l  
hydrogen. Even though t h e  n i t r o g e n  c o n t e n t  i s  r e l a t i v e l y  low ( l . l % ) ,  t h e  
smal l  amount o f  i n t e n s i t y  between 8.4 ppm and 8.6 ppm i n  t h e  a r o m a t i c  r e g i o n  
can be assigned t o  p r o t o n s  o r t h o  t o  t h e  n i t r o g e n  i n  p y r i d i n e - t y p e  s t r u c t u r e s .  
These pro tons  represent  l e s s  than 0.3% o f  t h e  hydrogen. There i s  a b r o a d  
resonance a t  5.4 ppm which can be assigned t o  hydroxy l  hydrogen. Th is  
accounts f o r  11.3% o f  t h e  hydrogen i n  t h e  spectrum. I n  t h e  r e g i o n  around 
3.4 ppm a r e  severa l  s m a l l e r  s i g n a l s  wh ich  can be assigned t o  methy lene b r i d g e s  
between aromat ic  r i n g s .  These methylene b r i d g e  hydrogens r e p r e s e n t  0.9% o f  
t h e  hydrogen present.  

2 
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The main t y p e  o f  a l i p h a t i c  s u b s t i t u e n t  i s  methyl  groups on aromat ic  r i n g s  
as evidenced by t h e  sharp s i g n a l s  a t  2.2, 2.5, and 2.8 ppm. These s i g n a l s  
account f o r  25.7% o f  t h e  hydrogen present.  There a r e  a l s o  some (16.7% o f  
hydrogen) l o n g - c h a i n  a l i p h a t i c  s u b s t i t u e n t s  w i t h  an average c h a i n  l e n g t h  o f  
f i v e  carbons. Combining a broad s i g n a l  a t  1.7 ppm, t o g e t h e r  w i t h  an equ iva-  
l e n t  amount o f  i n t e n s i t y  f rom t h e  s i g n a l  a t  2.8 ppm, about 5.6% o f  t h e  
hydrogen i s  hydroaromat ic .  

The 1 3 C  NMR spectrum, g i v e n  i n  F i g u r e  3, shows the  OH-CONC t o  have an 
a r o m a t i c i t y  o f  77.4%. The r a t i o  o f  a romat ic  carbons t o  h y d r o x y l - b e a r i n g  
carbons i s  8.5: l .  The r a t i o  o f  t o t a l  carbon t o  oxygen i s  10.9:1, which i s  
reasonably c o n s i s t e n t  w i t h  t h a t  o f  t h e  e lementa l  carbon-to-oxygen a n a l y s i s  o f  
12.3: l .  

The amount o f  o r t h o  s u b s t i t u t i o n  i s  de termined as t h e  d i f f e r e n c e  between 
t h e  area o f  t h e  r e g i o n  f rom 152 ppm t o  156 ppm and o n e - h a l f  o f  t he  area 
between 110 ppm and 117 ppm. The amount o f  meta s u b s t i t u t i o n  i s  determined 
from the  s i g n a l s  a t  154-155 ppm, and t h e  d i f f e r e n c e  between t h e  amount o f  
h y d r o x y l - b e a r i n g  carbon and t h e  amounts o f  o r t h o  and meta s u b s t i t u t i o n  i s  para 
s u b s t i t u t i o n .  The r e s u l t s  a r e  g iven i n  Tab le  3. 

Since t h e  observed r a t i o  o f  a romat ic  carbons t o  hydroxy l  - b e a r i n g  carbons 
i s  8.5: l  and every  molecu le  t h e o r e t i c a l l y  has an a c i d i c  hydroxy l  group, t h e  
OH-CONC c o n s i s t s  o f  a m i x t u r e  o f  one- and t w o - r i n g  systems. Because o n l y  a 
smal l  amount o f  t h e  c o n c e n t r a t e  has been i d e n t i f i e d  as naphtho ls ,  t h e  remain- 
d e r  o f  t w o - r i n g  systems shou ld  be comprised o f  s i n g l e  r i n g s  j o i n e d  by shor t  
a l k y l  br idges. There i s  evidence f o r  b o t h  methylene and e t h y l  b r i d g e s  i n  t h e  
carbon spectrum. The d i s t r i b u t i o n  i s  shown i n  Tab le  3. 

The t o t a l  a l k y l - s u b s t i t u t e d  aromat ic  carbon i s  12.8%. Th is  was determined 
by  summing t h e  methylene b r i d g e  area t imes 2, t h e  e t h y l  b r i d g e  area, one h a l f  
t h e  hydroaromat ic area, and the  methyl  groups on aromat ic  r i n g s  area. The 
t o t a l  nonprotonated a r o m a t i c  carbon i s  d i f f i c u l t  t o  determine from t h e  normal 
s p e c t r a l  r e g i o n s  due t o  t h e  presence o f  hydroxy l  groups which induce an 
u p f i e l d  s h i f t  t o  t h e  carbons o r t h o  and para t o  it. To study t h i s ,  a NORD-CDRE 
( n o i s e  of f - resonance decoupled c o n v o l u t i o n  d i f f e r e n c e  r e s o l u t i o n  enhancement) 
exper iment was run. The s i g n a l s  u p f i e l d  o f  129.5 ppm a r e  due t o  b r i d g e  
carbons i n  1- and 2-naphthols.  The t o t a l  b r i d g e  carbon i s  15.5% as determined 
from t h e  d i f f e r e n c e  between the  t o t a l  nonpro tonated  carbon and t h e  a l k y l -  
s u b s t i t u t e d  carbon p l u s  h y d r o x y l - b e a r i n g  carbon (11.8%). There fore ,  t h e  l e v e l  
o f  p r o t o n a t e d  a r o m a t i c  carbon i s  58.5% of t h e  a r o m a t i c  carbon. 

CSTR Exper iments:  The r e s u l t s  of t h e  CSTR runs a r e  summarized i n  
Tab le  4. As a n t i c i E t e d ,  S R C - I 1  d i s t i l l a t e  i s  a b e t t e r  s o l v e n t  t h a n  A0 a t  
s h o r t  r e a c t i o n  t i m e s  ( 4  m i n )  as i n d i c a t e d  by h i g h e r  o v e r a l l  coa l  convers ion ,  a 
l o w e r  l e v e l  o f  p reaspha l tenes ,  and lower  hydrogen consumption. Wi th  both 
s o l v e n t s  t h e  y i e l d s  o f  o i l s  were negat ive .  With a n  i n c r e a s e  i n  space t i m e  t o  
15-19 minutes,  o v e r a l l  convers ions  inc reased t o  about t h e  same l e v e l  (72-75%). 
I I I C  i eC6ve i ieS o i  p reaspha i tenes  were e s s e n t i a i i y  t h e  same a t  about 5%, and 
t h e  hydrogen consumptions were equal  a t  3.5 g/100 g MAF coal .  However, a 
TL- 
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s i z a b l e  n e g a t i v e  y i e l d  o f  o i l s  was observed i n  t h e  A0 r u n  a t  15 minutes.  T h i s  
was a p p a r e n t l y  due t o  a h i g h  y i e l d  o f  asphal tenes. Whi le t h i s  o b s e r v a t i o n  
appears t o  be anomalous, t h e  produc t  s l u r r y  was e x t r a c t e d  a t o t a l  o f  f i v e  
t imes w i t h  e s s e n t i a l l y  t h e  same r e s u l t s .  

The d i r e c t  a d d i t i o n  o f  phenol t o  A0 (4-min space t ime)  was d e t r i m e n t a l .  
1 Whi le % s o l v a t i o n  inc reased m a r g i n a l l y ,  t h e  y i e l d  o f  asphal tenes i n c r e a s e d  

g r e a t l y  over  t h a t  o f  t h e  r u n  w i t h  A0 alone. The produc t  s l u r r y  was a l s o  very  
s t i c k y  and d i f f i c u l t  t o  handle;  t h e r e f o r e ,  pentane may have had some 
d i f f i c u l t y  p e n e t r a t i n g  i n t o  t h e  s l u r r y  sample and t h e n  e x t r a c t i n g  t h e  o i l s .  
The Y i e l d s  o f  p reaspha l tenes  were e s s e n t i a l l y  t h e  same f o r  t h e  runs  w i t h  A0 

The a d d i t i o n  o f  OH-concentrate, recovered f rom an i o n  exchange r e s i n  
t r e a t m e n t  (Rohm and Haas IRA-904) o f  S R C - I 1  s o l v e n t ,  t o  A0 had l i t t l e  e f f e c t  

\ on t h e  d i s t r i b u t i o n  o f  products.  Cons ider ing  t h e  OH-concentrate had a 
moderate l e v e l  o f  h y d r o a r o m a t i c i t y  w h i l e  t h a t  o f  A0 was low, and t h a t  t h e  OH- 
c o n c e n t r a t e  had a l r e a d y  e f f e c t i v e l y  passed th rough a l i q u e f a c t i o n  r e a c t o r ,  t h e  
OH-concentrate may n o t  r e a c t  s u f f i c i e n t l y  w i t h  coa l  r a d i c a l s  t o  form a d d i -  
t i o n a l  asphaltenes. 

The a d d i t i o n  o f  m-cresol  appeared t o  be o f  p a r t i c u l a r  b e n e f i t  t o  t h e  A0 
runs. Th is  a d d i t i o n  r e s u l t e d  i n  an i n c r e a s e  i n  t h e  y i e l d  o f  o i l s  a l o n g  w i t h  a 
marg ina l  i n c r e a s e  i n  % s o l v a t i o n .  I n  t h e  case o f  m-cresol  a d d i t i o n  t o  SRC-I1 
s o l v e n t  a t  a 15-minute r e a c t i o n  t ime,  t h e r e  was a small  i n c r e a s e  i n  % s o l v a -  
t i o n  w i t h  nominal inc reases  i n  each o f  t h e  produc t  f r a c t i o n s .  

Due t o  a l i m i t e d  amount o f  a v a i l a b l e  feed sample, o n l y  a s i n g l e  CSTR r u n  
was made w i t h  t h e  s o l v e n t  recovered a f t e r  t r e a t m e n t  w i th  IRA-904 r e s i n .  T h i s  
s o l v e n t  con ta ined 1.9% oxygen, w h i l e  t h e  as- rece ived SRC-I1 s o l v e n t  c o n t a i n e d  
2.8% oxygen. Even t h i s  p a r t i a l  removal o f  h y d r o x y l s  appears t o  be o f  b e n e f i t ,  
as observed by an i n c r e a s e  i n  o i l  y i e l d ,  a decrease i n  asphal tenes y i e l d ,  and 
a marg ina l  inc rease i n  % s o l v a t i o n  (THF s o l u b l e s ) .  

,, 
I and A0 p l u s  phenol. 

SUMMARY 

Coal l i q u e f a c t i o n  exper iments were c a r r i e d  o u t  a t  450°C i n  a cont inuous  
f e e d  s t i r r e d - t a n k  r e a c t o r  (CSTR) t o  observe t h e  e f f e c t  o f  add ing  p h e n o l i c s  t o  
anthracene o i l  ( A O )  and S R C - I 1  r e c y c l e  so lvents .  A t  nominal space t i m e s  of 4 
and 15  minutes,  t h e  l e v e l s  o f  c o n v e r s i o n  (THF s o l u b l e s )  were s i g n i f i c a n t l y  
h i g h e r  w i t h  S R C - I 1  r e c y c l e  s o l v e n t  t h a n  w i t h  anthracene o i l .  The a d d i t i o n  o f  
phenol t o  A0 a t  a r a t i o  o f  5/65 r e s u l t e d  i n  a nominal i n c r e a s e  i n  coa l  
convers ion  t o  THF so lub les ,  b u t  t h e  amount o f  aspha l tenes  more t h a n  doubled 
r e s u l t i n g  i n  a s i z a b l e  n e t  l o s s  o f  so lvent .  The a d d i t i o n " o f  m-cresol  t o  b o t h  
A0 and S R C - I 1  s o l v e n t s  had a p o s i t i v e  e f f e c t  on coa l  convers ion  t o  b o t h  THF 
and pentane so lub les  ( o i l s ) .  The p a r t i a l  removal o f  an OH-concentrate f rom 
S R C - I 1  so lvent  was c a r r i e d  o u t  u s i n g  Amberlyst  IRA-904 i o n  exchange res in .  

l v e n t  f o r  coa l  l i q u e f a c t i o n .  A c h a r a c t e r i z a t i o n  o f  t h e  OH-concentrate by 
*'C and 'H NMR and FTIR i n d i c a t e d  a moderate l e v e l  o f  a r o m a t i c i t y  (77%), a 

I The "OH-reduced" o i l  was o n l y  m a r g i n a l l y  b e t t e r  t h a n  raw SRC-I1 r e c y c l e  
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s i z a b l e  amount o f  s h o r t - c h a i n  a l i p h a t i c  s u b s t i t u t i o n ,  and a l s o  a s i z a b l e  
amount o f  h y d r o a r o m a t i c i t y .  GC/MS c h a r a c t e r i z a t i o n  p o i n t e d  ou t  a h i g h  
c o n c e n t r a t i o n  o f  one- and t w o - r i n g  s u b s t i t u t e d  pheno l ics .  
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Table 1 

Analyses of-Sol vents  a n d m  

Chemical Ana lys is  (wt%) Raw A0 -_ 
Carbon 
Hydrogen 
N i  t rogen 
Oxygen 
S u l f u r  
Ash 

91.2 
5.9 
1.0 
1.3 
0.6 - 

100.0 

Raw 
S R C - I  I OH-CONC -- ~ 

87.2 82.0 
8.7 7.8 
0.9 1.1 
2.8 8.9 
0.4 0.2 - - 

100.0 100.0 

OH 
Reduced 

88.4 
8.5 
0.9 
1.9 
0.3 

100.0 

*Powhatan No. 5 Mine ( P i t t s b u r g h  Seam) coal .  

-- Table  2 

'H NMR Ana lys is  o f  S R C - I 1  Hydroxy l  =Concentrate _____--__- 

A1 i p h a t i c  Hydrogens 

Methylene b r i d g e  
Methy l  
Hydroaromat ic 
Long a l k y l  c h a i n  (i.e., C 5 )  

T o t a l  a l i p h a t i c  

__ Hydroxy l  Hydrogens 

Aromat ic Hydrogens 

Aromat ic hydrogen o r t h o  t o  N 
Others 

Tota l  a romat ic  

T o t a l  

Coal * 
72.3 

5.1 
1.5 
7.9 
0.6 
9.7 

100.0 

0.9% 

5 .6 .  
25.6 

16.7 - 
48.7 

11.3 

0.3 
39.7 - 

40.0 

100.0% 

GR&DC, 3/22/84, 4087A-T 6 
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Table 3 

I 3 C  NMR A n a l y s i s  o f  S R C - I 1  Hydroxyl Concentrate 

A1 i p h a t i  c Carbons 

Methylene b r i d g e s  between r i n g s  
Other carbons a t o  a romat ic  r i n g s  
Methyl groups a t t a c h e d  t o  r i n g s  
Hydroaromatic carbons 
Long-chain a l k y l s  ( f r o m  H) (es t . )  1 

1.4% 
2.0 
5.7 
7.3 
6.2 - 

T o t a l  a l i p h a t i c  carbons 

Aromat ic Carbons (Ar-C) 

Or tho  methy l  groups ( t o  OH) 3.0 
Naphthols 1.0 
Unknown o r t h o  s u b s t i t u e n t s  0.9 

T o t a l  s u b s t i t u t e d  Ar-C's o r t h o  t o  OH groups 4.9 
S u b s t i t u t e d  Ar -C 's  meta t o  OH groups 9.9 

7.4 S u b s t i t u t e d  Ar -C 's  pa$a t o  OH groups - 

Hydroxy l  s u b s t i t u t e d  A r - C  

Pro tonated  A r - C  

T o t a l  

*Th is  i s  a l s o  s u b d i v i d e d  as  f o l l o w s :  

A1 k y l  - s u b s t i t u t e d  A r - C  
Aromat ic b r i d g e  carbons 

Tota l  

GR&DC, 3/22/84, ~ O W A - T  7 
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22.2* 

9.3 

45.9 

100.0 

- 

10.0 
12.2 

22.2 

- 

22.6% 



Table 4 

Summary o f  CSTR Runs w i t h  Phenolic Addit ives 

Space x Hydrogen 
T i  me Sol vat i on(') Yields(') (g/lOO 9) 

Solvent/Additive (min) (g/lOO g)  (g/lOO g) Di - 1 s Asphal tenes Preasphal tenes 

Anthracene O i  1 4.2 55.4 3.0 -7.0 29.9 19.9 
+m-Cresol 4.3 58.3 2.4 9.6 30.2 27.0 
+Phenol 4.4 58.5 2.1 -46.5 71.3 22.1 
+OH-CONC 4.1 56.7 2.5 -9.9 33.5 23.6 

Anthracene O i l  15.2 74.7 3.4 -35.5 82.9 6.7 
+m-Cresol 19.1 80.2 4.3 -2.1 55.3 3.7 

SRC-I I Solvent 4.7 61.3 1.8 -5.3 41.8 14.0 
OH-Reduced SRC-I1 4.6 63.9 2.7 2.1 34.5 17.8 

SRC-I1 Solvent 19.0 71.7 3.6 12.3 33.2 4.7 
+m-Cresol 15.0 76.6 3.6 14.5 34.9 7.5 

Notes: [:{Solvation i s  given as grams o f  tetrahydrofuran solubles/100 grams MAF coal. 
Yields are given as grams/100 grams MAF coal .  

U 
mion mmunf 

WYYI 

FIGURE 1 S C H E W T I C  OF THE BENCH-SCALE CSTR W I T  
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FIGURE 2 'H-NMR SPECTRUM OF SRC-I I DERIVED HYDROXYL-CONCENTRATE 
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160 1 2 0  8 0  4 0  0 

PPM 

FIGURE 3 13C-WR SPECTRUM OF SRC-I I DERIVED HYDROXYL-CONCENTRATE 
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